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STELLINGEN 
1. De impulsbalans toegepast op een controlevolume om de weerstandscoëffi-
ciënt van een obstakel op indirecte wijze te bepalen, is fysisch een 
correcte methode. Worden termen in deze balans verwaarloosd, dan moet 
zorgvuldig worden nagegaan of dit geoorloofd is. Berekeningen waarbij 
dit is nagelaten (b.v. Miller et al.), moeten derhalve met argwaan be-
keken worden. 
Miller et al.,1975: Agric. Meteor. 14, (321-333). 
2. Seginer (1972) veronderstelt dat de stroming nabij het aardoppervlak 
rondom een obstakel altijd in lokaal evenwicht is. Deze veronderstelling 
is niet correct in het terugstroomgebied achter dichte obstakels. 
Seginer,1972: Bound.-Layer Meteor. 2, (87-97). 
3. De weerstandscoëfficiënt van een obstakel is sterk afhankelijk van de 
atmosferische stabiliteit. In de literatuur wordt bij buitenexperimenten 
de atmosferische stabiliteit vaak niet vermeld (b.v. Miller et al., 1975; 
Guyot, 1978). Hierdoor blijft de lezer in onzekerheid t.a.v. de reikwijdte 
van de conclusies. 
Miller et al.,1975: Agric. Meteor. 14, (321-333). 
Guyot,1978: Bound.-Layer Meteor. 15, (57-67). 
4. Voor het objectief karakteriseren van natuurlijke obstakels verdient de 
klassificatie in termen van weerstandscoëfficiënt verre de voorkeur bo-
ven de klassificatie in termen van porositeit. Voor praktische toepas-
singen is deze klassificatie echter niet voldoende maar zal bovendien 
aangevuld moeten worden met een inventarisatie in soorten, ouderdom en 
toestand van de betreffende begroeiing. Bij toekomstig onderzoek aan 
natuurlijke obstakels zal hier aandacht aan moeten worden besteed. 
5. Om de in windtunnels bepaalde weerstandscoëfficiënten van obstakels beter 
onderling te kunnen vergelijken, moet meer aandacht worden besteed aan 
blokkeringscorrecties. 
Castro et al.,1978: J. Industr. Aerodyn. 3, (1-20). 
6. Een Piche-verdampingsmeter is goed bruikbaar voor de bepaling van de po-
tentiële verdamping indien deze binnen de aangepaste grenslaag op ca. 
0,4 m hoogte boven het gewas wordt opgesteld. Metingen binnen de aange-
paste grenslaag op een hoger niveau zijn ook bruikbaar mits de resulta-
ten gecorrigeerd worden met een faktor die hoogte- en terreinruwheidsaf-
hankelijk is. 
Jacobs et al.,1983: J. Hydrol. 60, (367-380). 
7. Door het nalaten van duidelijke richtlijnen vanuit het Ministerie van 
Justitie ten aanzien van interlandelijke adoptie, wordt wildgroei van 
"adoptiebemiddelaars" in de hand gewerkt. 
Bia-Nieuwsbrief 1983-1. 
8. De definitie van het elektrisch spanningsverschil is identiek aan die van 
het elektrisch potentiaalverschil. Het verschil dat Van der Laan (1979) 
hiertussen suggereert is misleidend. Onderscheid hiertussen maken heeft 
alleen zin om aan te geven of uitgegaan is van de elektrische netwerk-
theorie of van de elektro-magnetische veldtheorie. 
Van der Laan: Inaugurele rede T.H.E., 1973-11-09. 
9. Bij de T.V.-presentatie van meerdaagse temperatuurverwachtingen kunnen 
beter in plaats van de nu gegeven gemiddelde temperaturen voor Nederland, 
temperatuurverwachtingen met marges worden gegeven. 
10. Het leren van een beroep of vak is in toenemende mate de verantwoorde-
lijkheid van de hele samenleving. Derhalve dient er een Wet op het Be-
roepsonderwijs te komen waarin duidelijk is vastgelegd hoe de verantwoor-
delijkheden voor dat onderwijs maatschappelijk zijn verdeeld. 
Voortgangsrapport 1983, Commissie-Wagner. 
11. Het introduceren van dimensieloze getallen in leerboeken, zonder hiervan 
een fysische betekenis aan te geven, is didactisch onjuist. 
12. De stabiliteitsklassificatie volgens Pasquill geeft enkel een schetsmatig 
idee omtrent de invloed van de atmosferische toestand op atmosferische 
processen. Deze indeling leent zich niet, en is oorspronkelijk ook niet 
bedoeld, voor exacte beschouwingen. Derhalve moet deze klassificatie bij 
exacte beschouwingen ten stelligste afgeraden worden. 
13. De betekenis van het zonnetje op het veelvuldig voorkomende plakplaatje 
"Atoomenergie? Nee bedankt" is niet eenduidig. De bedoeling van dit plaat-
je is om bezorgdheid omtrent de gevaren van toepassing van kernenergie op 
grote schaal tot uitdrukking te brengen. Deze goede bedoeling wordt sterk 
ondergraven door dit plaatje te plakken op de achterruit van een auto. 
A.F. G.Jacobs 
Flow around a line obstacle 
Wageningen, 28 september 1983 
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Introduction and outline of the goal of this study 
1.1 INTRODUCTION 
A class of flows which often occurs in nature and in engineering practice, is 
the class of strongly perturbed shear layer flows. Examples can be given easily. 
In rural areas e.g., man has applied shelterbelts to protect himself, his 
livestock and his acreage against the effects of high winds. This is done 
especially in the plains regions, with the aim to protect the soil from ero-
sion by winds. Well known are the extensive shelterbelt programs carried out 
in the U.S.S.R. and U.S.A. in 1931 and 1934, respectively. If a shelterbelt 
is erected, the wind field near the surface is not the only element that is 
affected: almost all other meteorological quantities will be influenced too. 
In textbooks (J. Grace, 1977) and papers (S. Shaw, 1962; D. Benndorf et al., 
1980) a qualitative survey can be found of the advantages and disadvantages 
of shelterbelts for agricultural use. 
In urban regions the importance of the knowledge of the atmospheric flow 
around man-made obstructions has also attained increasing recognition. Such 
flows e.g. have a major effect on turbulent diffusion from pollutants in 
their vicinity (Ogawa et al., 1980). In construction design, there is an in-
creasing tendency towards greater economy in applying materials. Consequent-
ly, loads and oscillation effects on buildings and structures require a bet-
ter understanding of strongly perturbed flows (Frost et al., 1977). Commer-
cial air transportation between metropolitan areas has caused an increasing 
need of vertical and very schort takeoff and Unding services (V./S.T.O.L. ). 
Buildings induce zones of recirculation and regions of large fluctuations 
which can make V./S.T.O.L. extremely hazardous (Burnham, 1967). 
Despite several full-scale and wind tunnel studies, as yet little is known 
and understood about the class of strongly perturbed shear flows. The cause 
behind this is partly that these flows are surprisingly complicated (Bradshaw 
& Wong, 1972) and partly a lack of experimental data (Counihan et al., 1974). 
The general objective of the present study is to contribute to a better under-
standing of this class of flows. To attain this objective, a full-scale expe-
riment was carried out around a two-dimensional barrier attached to the earth 
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surface. Despite an uncontrollable atmospheric flow and high costs, an out-
door experiment was done because especially in nature this class of flows very 
often occurs, but it has been investigated much less thoroughly than e.g. re-
duced model flows in a wind tunnel. Moreover, in simulating atmospheric phe-
nomina there still exist serious problems with scaling correctly (Raine et al. 
1977 and Ogawa et al., 1980), consequently these results for outdoor applica-
tions remain of limited importance. 
1.2 FLOW AROUND A LINE BARRIER 
1.2.1 General accepted flow picture 
To provide a better understanding of the fluid mechanics of a strongly per-
turbed shear layer flow, a qualitative description will be discussed in con-
nection with a flow around a two-dimensional barrier. This description is ba-
sed on the field measurements of Nägeli (1953) and Woodruff et al., (1955) 
and on the data of the theoretical work by Kaiser (1959). In figure 1.1, a 
mean streamline picture is given for permeable barriers with a porosity of 
15 to 25% and 45 to 55%. Here the porosity is defined as the ratio between 
the open and the total area of the barrier. As can be seen from this picture, 
the streamlines are displaced just around the barrier. Ahead of the barrier 
the flow rises; it descends after having passed the barrier. Consequently, 
at the surface around the obstacle, the wind speed will be considerably smal-
ler. According to the conservation of mass this means that at greater heights 
above the barrier the wind speed must increase. Up to a height of 3 to 4 times 
the barrier height, the wind field will be influenced significantly. The flow 
field around the obstacle is not symmetric but the ascent at the windward 
side is steeperthan the descent at the leeward side. Therefore,the protected 
region at the leeward side is much larger than that at the windward side. 
A peak in the wind speed appears just over the barrier at the leeward side, 
with a very calm region beneath it near the surface. If the two barriers 
are compared, it can be concluded that the displacement of the streamlines 
is greater if the barrier is less permeable, but the vertical wind gradient 
is also steeper. A distorted wind field starts to recover downwardly and the 
distorted flow with the greatest displacement and vertical wind gradient, 
shows the fastest recovery. One generally takes the view that horizontally 
the influenced region extends from 3 to 5 times the barrier height at the 
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Fig. 1.1 The streamlines around a porous obstacle after Kaiser (1959). 
windward side and up to 20 to 30 times at the leeward side. 
1.2.2 Description of some full-scale experiments 
In studying perturbed shear layer flows, several outdoor experiments and 
wind tunnel experiments were carried out. A brief review of the most impor-
tant field studies will be given. As we intend to study an outdoor disturbed 
flow, this outline will be restricted to full-scale field experiments. 
In 1941,Nägeli started his pioneering work with a number of experiments on 
natural and artificial windbreaks. In his experiment he used two masts. He 
measured with cup anemometers at nine levels. One mast, the one at the wind-
ward side, was invariable used as a reference, while the other was placed at 
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several locations around the barrier. His results are presented in averaged 
percentages of the undisturbed wind profile. He mainly studied winds perpen-
dicular to the obstacle and did not determine the thermal stratification of 
the atmosphere. His obstacles were characterized by their height, width, 
thickness and optical porosity. For artificial obstacles this porosity was 
defined as the ratio between the open surface and total surface. The natural 
obstacles were described by the species of shrubs and trees the windbreak 
consisted of. Besides, a characterization was given in terms of very dense, 
dense, medium and loose. An oft-cited result of his study is given in figure 
1.2. In this figure the mean disturbed wind speeds are depicted, expressed 
in percentages of the undisturbed wind for several kinds of natural obstacles 
at a height of 0,25 times the obstacle height H. All of these obstacles had 
different heights and to get a better comparison, he also made the distances 
dimensionless with the barrier height. Several proporties discussed in the 
foregoing section, can be recognized from this figure. 
In 1961, Halitsky carried out an experiment on a natural shelterbelt consis-
ting of rows of high trees with no shrubs in between. At one leeward location 
only, he measured a wind profile and wind direction; at three locations fur-
ther leeward, the wind speed and direction at only one height. For all mea-
sured quantities the mean value as well as the standard deviation were esti-
Fig. 1.2 The distorted flow at -n- = 0,25 in percentages 
of the undisturbed wind speed after Nägeli (1953). 
mated. A major shortcoming of this experiment is that no data were taken on 
the undisturbed wind profile, wind direction and thermal stratification. 
In 1971, Hagen and Skidmore performed an experiment similar to that of 
Nägeli, with two masts and artificial barriers with different porosity. Both 
masts were easily transportable and equipped with cup anemometers and thermo-
couples. In addition, at one-half of the obstacle height they measured the 
r.m.s. values of the three turbulent velocity components with two anemometer 
bivanes. It was the first experiment in which the atmospheric stratifica-
tion was measured by estimating the bulk Richardson number. 
In 1971, Seginer performed an experiment with an artificial obstacle. At the 
undisturbed windward reference location the wind profile and the wind direc-
tion at obstacle height were measured. Besides, at two levels at this loca-
tion, the mean temperature was measured to estimate the atmospheric stratifi-
cation. At several locations around the barrier, but only at one level close 
to the surface, the wind speed was measured. The behavior of the distorted 
wind field was studied for perpendicular and oblique winds. The special fea-
ture of this experiment was that Seginer did not only characterize his ob-
stacle with porosity, but he also measured the drag coefficient directly. 
More or less in the center of the obstacle, Seginer replaced a section of the 
barrier by a measuring plate. With strain gauges he estimated the normal-
force on this plate, exerted by the wind field. The drag coefficient of the 
barrier is this normal-force nondimensionlized with the surface of the mea-
suring plate and an appropriate pressure. Seginer used the undisturbed dyna-
mic pressure at obstacle height. Especially, this parameter appears to be of 
major importance for the behavior of a strongly disturbed flow. This can ea-
sily be understood from the aerodynamic action of a barrier in a flow field. 
The fluid flow exerts a drag on the barrier which is compensated by a momen-
tum loss of the flow itself. Consequently, the flow will be reduced and the 
greater this drag, the greater the flow reduction will be. 
Summarizing all available field experiments showed up several shortcomings. 
Up to now simultaneous outdoor measurements of a complete distorted wind 
field have not been made. The existing data are either obtained at different 
times (e.g. Nägeli and Hagen et al.) or very limited (e.g. Halitski and 
Seginer). The results of Nägeli and Hagen et al., were obtained by using only 
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two masts. This introduces an uncertainty about the effect of the thermal 
stratification and undisturbed wind direction into their measurement results. 
The data of Halitsky cannot be compared with other results, for nothing is 
known about the undisturbed reference condition. Seginer did measure the com-
plete undisturbed wind profile and the atmospheric stratification at the re-
ference location, but the speeds of the distorted wind field were only mea-
sured at one level close to the surface. 
1.3 GOAL OF THIS RESEARCH 
Experimental work on the flow around obstacles is widely dispersed in the 
literature over various disciplines. Field research is mostly done for very 
practical purposes, e.g. increasing crop yields, stabilizing of the soil, 
etc. However, this widespread of applications had a very important disadvan-
tage (Baltax 1967) in that this research up to now did not follow a sys-
tematic approach so that the available results remain of limited value. 
In the foregoing one goal of our study showed up already. We wanted to measure 
simultaneously a distorted wind field under various thermal stratifications. 
To achieve this, we measured the mean wind profiles around a barrier and the 
atmospheric stratification at an undisturbed reference location. In the dis-
torted flow, not only the mean wind speeds will be influenced but the turbu-
lence as well. To gain insight into the behavior of the disturbed velocity 
fluctuations, we also measured the r.m.s. values for all wind speeds. 
Various researchers have tried to develop a theoretical treatment of the flow 
around a two-dimensional barrier. The models known best are those of Kaiser 
(1959) for the near wake region and of Townsend (1965) for the far wake re-
gion. Both models and a model developed more recently for the far wake region 
(Counihan et al., 1974) will be discussed in more detail in Ch 5 and checked 
with our data. 
In this study, special attention will be given to the aerodynamic characteri-
zation of the barrier. Usually, an artificial barrier is characterized by its 
porosity. As we have already seen, it is a more attractive way, physically, 
to express the effect of a barrier in terms of its resistance to the fluid 
flow, or, in a dimensionless form, in terms of a drag coefficient. In addi-
tion, as will be pointed out in Ch 5, this coefficient will be an important 
parameter in the verification of the model approaches of Kaiser and Townsend. 
If there existed a unique relation between porosity and drag coefficient, 
both characterizations would be of equal value. The characterization in terms 
of porosity in practice is favourable because of its simplicity. However, 
there exists no unique relation between both characterizations. The drag on a 
barrier not only depends on the porosity but also on the shape and the ar-
rangements of the openings. For natural barriers there is an additional diffi-
culty if the porosity characterization is used. Optically a natural barrier 
can be dense but for the fluid flow it is permeable. That is why for natural 
windbreaks the porosity is mostly defined as the ratio between the open vo-
lume and total volume of the barrier. Also this porosity is not uniquely re-
lated to the drag coefficient. E.g. trees with or without foliage do not dif-
fer much as to porosity but they do as to their resistance to the flow. In 
this study an artificial barrier was used, characterized by its drag coeffi-
cient. In this barrier a measuring plate was mounted in a way comparable to 
Seginer's (1971). At this plate the drag was measured with force sensors. 
It is hardly possible to simulate a section of a natural barrier in such a 
way that the drag on this section can be measured directly. In this study we 
will investigate a method to estimate the drag on natural barriers by using 
the momentum conservation for a control volume just around the barrier. As 
will be pointed out in Ch 2, to apply this method, we have to know the static 
pressure at the front and rear borders of this control volume. That is why in 
this study too the focus of our attention will be on measuring the static 
pressure profiles just around the barrier. 
2 Measurement project 
2.1 TERRAIN CONDITIONS 
In order to carry out an extensive measurement program, a suitable terrain 
was found in the south east of the Netherlands. This terrain bordered an air-
craft runway and is located at about 51°33'N and 5 56'E. In figure 2.1 a sur-
vey of the measuring site is given in which moreover the mean surface isohyp-
ses are depicted. The isohypses are given as relative to the location 
"mast 1", which by definition is the 5,0 m point. 
As a barrier, a thin solid plate was used with a height of 2 m, a width of 
60 m and a thickness of 0,02 m. The barrier was orientated in the exact NS 
direction. 
The observations were carried out in westerly wind conditions. As can be 
seen from figure 2.1, the near windward terrain consisted of heather and the 
far windward terrain of grass. The heather has been mowed and during the mea-
surement campaign it nearly had the same aerodynamic roughness as the grass. 
The vegetation height was about 0,25 m and the surface roughness length, z , 
of the windward terrain had a mean value of 35 mm (see CH 3) for all westerly 
wind directions. 
2.2. MEAN WIND FIELD 
The mean wind profiles around the barrier were measured at 9 stations, loca-
ted from the barrier at distances: -10H, -3H, -H, H, 3H, 5H, 10H, 15H, and 
30H. Here H stands for obstacle height, negative ahead and positive behind 
the obstacle. Just around the barrier the largest disturbances take place 
and here the most stations were concentrated. The most windward station at 
-10H was used as the undisturbed reference location. At all stations, except 
H H 
at -H and H, the wind speed was measured at seven levels: -j, •*, H, 2H, 3H, 
4H and 5H. For reasons of economy at -H and H, the wind speeds were measured 
at four levels: ^ , |n, |H and 2H. 

The wind speeds were measured by means of small cup anemometers, designed at 
the laboratory of Physics and Meteorology. The mean starting speed was 0,20 
m.s~ and the first-order response length 0,9 m. 
The cup rotation speed was measured with a photo-chopper system. To avoid 
pulse distortion due to the long transmitting lines, we applied current pul-
ses of 20 mA. 
The cup anemometers were mounted on rectangular booms, fitted to a triangular 
mast with sides of 0,18 m. The booms had a length of 1 m so as to avoid mast 
interferences (Smedman et al., 1973). 
2.3 FLUCTUATIONS OF THE HORIZONTAL WIND SPEED 
In order to gain insight into the turbulence of the disturbed flow field, the 
r.m.s. values of the measured speeds were estimated. These r.m.s. values, as 
measured by the cup anemometers, suffered from errors due to the first-order 
response length of 0,9 m and due to the counter gate time of the pulse coun-
ting system. 
We aimed at measuring all speeds, within the range (1-15) m.s , with an 
accuracy of at least 3%. This means that for the applied pulse counting sys-
tem, the counter gate time is 10s. Dependent on the mean wind speed, this time 
corresponds to a response length of (10-150)m. Consequently, the instrumental 
high-frequency cut-off was determined by the counter gate time. 
In order to measure the r.m.s. value of the speed correctly, the spectral 
distribution must lie within the spectral band width of the measuring system. 
From analysis of McBean (1972) we may conclude that for an undisturbed flow, 
the maximum cut-off frequency of the cup anemometer system in dimensionless 
form, 
n x3 [n is frequency and x~ is height), must be at least 5. Which means 
that, especially near the surface, a great deal of the contributions made by 
the higher frequencies will be discarded. The measured r.m.s. values, depen-
dent on the mean wind speed and measuring height, will be seriously underes-
10 
timated. 
If from the horizontal speed fluctuation, u', the auto-correlation function 
p (T) is known, the underestimated r.m.s. values of the speed can be correc-
ted. This correction procedure is pointed out in Appendix A and from this it 
~2 
appears that the real speed variance, u' , is related to the measured speed 
variance, u' , according to: m 3
u ^ = - ^ 5! (2.1) 
o 
where At is the counter gate time. 
For an undisturbed flow, the auto-correlation function is easy to be deduced 
from spectra data (Bessern, 1976,' Tennekes, 1979; see Appendix A). For outdoor 
disturbed shear flows, only a few incidental normal stress spectra are known 
(Gandemer, 1981; Ogawa, 1980). These spectra are only measured at one-half 
of the obstacle height. The general feature of these spectra is that the shape 
more or less equals the undisturbed spectrum but that the peak has a slight 
shift to a higher frequency. At a distance of about 5H the maximum shift ap-
pears, with a peak frequency of about two times the undisturbed frequency. 
Further down stream, the peak gradually recovers to the original peak fre-
quency. In addition, wind tunnel studies show a similar picture for heights 
from ^  to H (Raine, 1977). 
All measured r.m.s. speed values up to the obstacle height were corrected 
according to equation (2.1) and with the auto-correlation functions obtained 
from the disturbed spectra data. Beyond the obstacle height, no auto-corre-
lation functions are known. That is why these r.m.s. data have not been wor-
ked out any further. 
2.4 THERMAL STRATIFICATION 
In a thermally stratified shear flow, the turbulence characteristics at a 
height x-, will depend only on the five quantities: 
11 
x,, p, —, u and vAT' (Monin and Yaglom, 1973), Here p stands for the air 
density, g for the earth gravity, T for the absolute temperature, u^ for the 
friction velocity defined as u = U — in which x = - pvTvT is the surface 
* P W J. O 
shear stress and vAT' for the mean vertical virtual temperature flux i.e. the 
temperature flux in which the moisture effect is included. The mean values 
are denoted by overbars and the fluctuating values by primes. Since there 
are four independent dimensions (length, time, mass and temperature), only 
one dimensionless parameter can be combined from these quantities. Following 
the original analysis of Obukhov (1946), the dimensionless combination 
x3 
C = T T ' (2.2) 
will be chosen where L, called the Obukhov length, is defined as 
L = * (2.3) 
Kf^v" 
Here K stands for the von Karman constant, which is traditionally included 
in this length scale. 
In order to estimate this parameter of the undisturbed flow, u , vAT' and 
T were measured at the reference station. A three-dimensional sonic anemo-
meter/thermometer from Kayo Denki type DAT 310 with sensor type TR-61C was 
used. To avoid tilt errors (Raymont et al., 1971), we provided the sensor with 
a leveling device with an accuracy of 0,5°. 
The temperature output of the sonic thermometer, called the sound virtual 
temperature T', differs from the real virtual temperature T' according to 
(Kaimal et al., 1963): 
T; = T ; - 5 v i ' (2-4) 
where c stands for the sound speed. As by the sonic anemometer vi was esti-
mated also, T' was corrected according to equation (2.4). 
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The turbulence fluxes as measured, suffer from errors due to line averaging 
caused by the sound paths and due to a phase shift caused by spatial separa-
tion of the sensors (see figure 2.2). The line averaging error will be elimi-
nated if the minimum measuring height is at least x, . = 5A, with X the 
200mm 
Fig. 2.2 The design of the wind sensor type TR-61C of the sonic anemometer. 
smallest wave length reliably measured by the sensor. As the sound paths were 
about 0,20 m, this means that x-, . > 1 m. The phase shift error can only oc-
cur in a cross-correlation, in which two different sensors do not coincide, 
which was the case in measuring the momentum flux -vTvT . Here the two veloci-
ty sensors had a spatial separation of about 0,35 m. As pointed out in 
Appendix B, this error also depends on the measuring level and decreases with 
increasing height. If a maximum error of 42 in the measured momentum flux is 
accepted this means that this height must be at least 6 m. During the cam-
paign this level was chosen as observation height. 
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2.5 DRAG COEFFICIENT OF THE LINE OBSTACLE 
If a body is placed in a flow field, a force called the drag, will be exerted 
on this body by the fluid flow. This force is commonly expressed in terms of 
a dimensionless coefficient, obtained by dividing this drag by the dynamic 
pressure and the area of the body projected on a plane perpendicular to the 
flow direction. If a two-dimensional line obstacle is attached to the surface 
and is immersed in its boundary layer, this coefficient is mostly defined as 
(Plate, 1971): 
c d = — V ' (2-5) 
|pïïHH 
where D is the drag per unit width of the obstacle and ïï„ the undisturbed 
wind speed at the obstacle height. 
2.5.1 Direct measurement technique 
More or less in the center of the barrier, a section of height H and a width of 
0,9 m was removed and replaced by a drag measurement plate. This measurement 
plate was mounted in a stiff frame and was fixed with three bars (figure 2.3). 
From one bar the plate was hanging in order to carry the plate's weight. We 
fixed the two horizontal bars in order to prevent horizontal movements in the 
plane of the barrier. The bars were necked near the fastenings to permit 
slight "free" movements in the perpendicular direction of the plate. 
Between the frame and the measurement plate, three force sensors were fixed, 
two near the top and one near the bottom. The force sensors were arranged in 
such a way that a wind load was equally spread among the sensors. 
The forces were estimated with force sensors from Brosa, type EBM-6200-5. The 
loading capacity per sensor ranged from -50N to 50N, with a maximum displace-
ment of 20um. The displacement is very small, so that load errors caused by 
the weight of the measurement plate could be ignored. 
In the laboratory, the whole set-up was checked and calibrated for perpendi-












2.5.2 Momentum integral method 
If the mean horizontal momentum equation is integrated in a control volume 
in which the barrier is included, the drag on the barrier can be estimated 
as a remaining term. Starting from a flow direction perpendicular to the bar-
rier, the two-dimensional horizontal momentum equation for a turbulent flow, 
in which a momentum sink is included, is (Tennekes and Lumley, 1972): 
_ Zv^ _ 3v 




 ^ Wl + 3 —i—i-, 3p -ô(x1)F(x3) (2.6) 
Here p stands for the pressure, 6(x,) for the delta function and F(x,) for 
the vertical momentum sink distribution at the obstacle per unit width. Inte-
gration of this equation in a control volume with the boundaries as depicted 
in figure 2.4, results in: 
*3 
Fig. 2.4 The coordinates of the control volume in (x,, x,). 
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X3R 2 _2 
/ dx3{p(v1(xlaIX3)-v1(xlb,x3)) + p(v{ (xla,x3) - v{ (xlb»x3)) + 
o 
(P(xla,x3) - P(xlb,x3))} - (2.7) 
xlb 
ƒ dx1{pv1(x1,x3R)v3(x1,x3R) + p(VJv3r(x1,x3R) - V^( X l,x 3 R))} = D, 
xla 
where D is the perpendicular drag on the barrier per unit width. 
In our study a very small and narrow control volume was chosen for which 
this result can be simplified. It may be expected that the contribution to 
the drag of the turbulent stress term is small, according to the small hori-
zontal integration interval. In doing so, (2.7) will reduce to: 
X3R _2 _2 — 2 —2 
/ dx3{p(vl(xla'x3> - vl(xlb'x3^ + p<vi (xla'x3) " vl (xlb'x3)> + 
o 
(p(xla,x3) - p(xlb,x3))} - (2.8) 
xlb 





or, in dimensionless form with C = —~-, c , = -^ -, 
1 UH 77 H uH 
f - P .. r - 1.3 and n - ' • CP - ^ J ' cVlv3_ -JT and i - TT • 
|puH uH 
n '3R 
ƒ dn3{2(CVi(nla,n3) - CVi(nlb,n3)) + 2(cv.(nla,n3) - cyl(nlb,n3)) + 
(Cp(nla'n3) - Cp(nlb'n3))} - (2-9) 
nlb 
S
 ^ I - ^ V . V J K ' ^ R ) = Cd' 
nla l 2 
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Or, in the very simplified form: 
Cd<Yl> + Cd(av> + Cd(P> + Cd<V3> = Cd' (2-10) 
where, in the chosen control volume, C.(V-,) is the contribution to the drag 
coefficient due to the horizontal flux change etc. If equation (2.9) is ac-
cepted, it will mean that just around the obstacle the horizontal wind velo-
city and its variance and the mean pressure profiles have to be measured in 
order to calculate the drag. The vertical flux of horizontal momentum can be 
estimated by using the mean two-dimensional continuity equation: 
x3 3v, 
V3 = - / ^ I d X 3 ' (2'n) 
o 
During the measurement campaign, the mean pressure profiles were estimated 
at the locations -H and H and were relatively measured with regard to the un-
disturbed pressure at the reference station. At five levels at each location 
u o c 
the mean pressure was determined at x, = o, -?, -rH, H and -JH. Most measuring 
levels were chosen near the top of the barrier, because here the major chang-
es in the pressure profiles may be expected. 
The pressure profiles were measured with sensors as described in the litera-
ture by Elliott (1972). Such a sensor consists of a thin circular disc with 
a diameter of 40 mm, mean thickness of 2 mm and with ports in the center of 
the disc which lead to a micro barometer (figure 2.5). In order to minimize 
the dynamic pressure noise, generated by the interference between the flow 
field and the sensor body, this disc must be accurately streamlined. The sen-
sors were checked and calibrated in a wind tunnel (Jacobs, 1983 ). 
To convert the pressure into a corresponding electrical signal, a differen-
tial micro barometer was used from Datametrics type 590D with an operation 
range of -10 mmHLO to 10 mmhLO and an accuracy of 0,05 % of the reading. One 
side of the barometer was permanently connected to the reference sensor. 
During the campaign only one barometer was available. The pressure sensors 
around the barrier were scanned by a pneumatic multiplexer. The multiplexer 
as used was from Scanivalve, type W0601/1P-12T, which scanned every sensor 
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multiplexer a pneumatic low pass f i l t e r was placed with a f i r s t - o rde r time 
constant of 70 s. The whole set-up was tested in the laboratory (Jacobs, 
1983b). 
2.6 DATA PROCESSING 
All the measured signals were transported to a van at a distance of 300 m 
downwind from the barrier, in which a mi ni-computer (PDP-11/03) was instal-
led. Here the pulses from the cup anemometers were counted and the continuous 
signals were digitized. On-line the data were reduced to 30 min. averages and 
the results were stored on cassette tape (TU-58). 
At the laboratory further processing was carried out with another mini-compu-
ter (PDP-11/34) or with a big DEC computer (DECSYS-10), depending on the kind 
of analysis. 
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3 Results of the mean wind field 
During the measurement campaign about 300 runs of 30 minutes each were col-
lected, from which 120 runs were selected for further analysis. Runs with 
precipitation were discarded because of instrumental uncertainties and runs 
LI 
in very unstable weather (T- < -0,4) were discarded because the wind direc-
tion could not be determined accurately at the low wind speeds in these con-
ditions. 
Before analyzing the disturbed wind field, the measured profiles and turbu-
lence data at the reference station were analyzed. Special attention was 
paid to these results, for all other results were to be compared with these 
data. Moreover, the data at this station were used to determine the rough-
ness condition of the windward terrain. 
3.1 RESULTS AT THE REFERENCE STATION 
3.1.1 Reference wind profile 
On the basis of dimensional analysis, Obukhov (1946, 1971) showed that in 
stationary conditions, the vertical flux of momentum over a horizontal, homo-
geneous surface is related to the wind speed profile by: 
dïï _ u* , x3, ,_ .. 
d^-^-'Wr-)- ( 3 a ) 
Here <j>M is the nondimensional wind shear, which is a universal function of 
x3 the stability parameter -r—. The shape of the function <t>M can be determined 
experimentally. Interpolation formulas have been given by Monin & Yaglom 
(1971), Businger et al. (1971), Dyer (1974) and many others. In this study 
the results of Wieringa (1980) have been adopted. These are based on the re-
vised 1968 Kansas data. Wieringa uses: 
<j>M = ( l -22j- i ) for jf- < 0 (unstable case), (3.2) 
x3 
and <J>M = (1 + 6,9j-^) > 0 (stable case). 
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After integrating (3.1), the following explicit expression is obtained for 




 x3 x3 
u = JÜ(ln -i - <p) for ^  < 0, K v z
 0 L 
with 4> = 2 l n { ( l + x ) /2 ) } + l n { ( l + x 2 ) /2 } - 2 tan - 1x + J , 
x = (f.»1 (3.3) 
U_ Xq Xo Xo 
and IT = — ( I n - ^ + 6,9 T ^ ) for ~ > 0. 
For all runs, this profile was fitted with a least-squares method (Robinson, 
1962, and Covey, 1963). This curve-fit was used to determine the friction 
velocity, u , (the subscript p refers to the profile method) and the rough-
ness length, z . of the windward terrain. The friction velocity, u^ . was 
O T*P 
compared with the friction velocity, u^., measured with the sonic anemometer. 
The comparison is shown in figure 3.1. A linear regression without zero bias 
0,9 1,0 
•—U»s <m.s-1) 
Fig.3.1 The friction velocity u , determined by means of the speed profile, 






with a standard deviation of 0,045 and a correlation coefficient of 0,98. 
From this result we conclude that they agree well. 
3.1.2 Upwind roughness length 
To analyze the terrain ahead of the obstacle, the windward terrain was devi-
ded into sectors of 10 degrees. For every sector the mean z value and its 
standard deviation for the entire measurement campaign were calculated. The 
results are plotted in figure 3.2. This figure shows a more or less constant 
Fig. 3.2 The roughness length z and its standard deviation as a function 
of the incidence angle <j>. Values pertain to the whole measurement 
campaign. 
roughness length for all sectors, but a rather large standard deviation. The 
main reason for this is that the terrain roughness elements consist of natu-
24 
rai material that changes particularly during the growing season. In figure 
3.3 the evolution of the roughness length and its standard deviation with 
time are given for 2 sectors: |<|>| < 10° and -30° < $ < -10°. This result 
20 30 40 50 10 20 30 40 50 
—»weeknumber 
Fig. 3.3 The evolution of the roughness length z and its standard deviation 
for 2 sectors. 
demonstrates that the roughness length of the windward terrain increases from 
10 mm to about 40 mm and also that the standard deviation of the individual 
values is much smaller. After mid-summer the roughness length decreases again, 
but at a slower rate. In week 25 the high grass between the heather was mowed. 
Almost all runs that were accepted, were carried out after week 25. During 
this period the roughness length did not change much for any sector and had 
a weighed mean value z = 35 mm. In the further analysis, this value was 
adopted as an overall mean value. 
3.1.3 Velocity and temperature deviation 
Obukhov (1941, 1971) showed that the dimensionless velocity deviations 
-^-, -^- and -— are universal functions of the atmospheric stability para-
x3 
meter, -j—, only. He obtained the same result for the dimensionless tempera-
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ture deviation y-, defining the temperature scale, T , as T = — - — 
* * 
Experimental evidence supports these results (Monin & Obukhov, 1954; 
Wyngaard & Coté, 1971 and Panofsky et al., 1977). During our measurement cam-
paign these deviations were determined by means of the sonic anemometer-ther-
av3 ,aTi 
mometer data. The results for and |-^ | are given in figures 3.4 and 3.5 
respectively. Also plotted in figure 3.4 there are the curves proposed by 





— = 1,3 
u 
* 
1.3(1 - ^ ) 
x3 1/3 
for j^- < 0 
(3.4) 
for ^  > 0. 
Also given in figure 3.5 is the curve proposed by Wyngaard & Coté (1971): 
Xo 1/3 x, 
O^t-j-i) for ~ < 0. (3.5) 
Taking into account that the scatter in our data is comparable to that given 
0,20 0,16 0,12 0,08 0,04 0,08 0,16 0,20 
CTv3 x3 
Fig.3.4 - — as a function of the thermal stability parameter -.—. 
*
 L 
• mean curve from Kansas data (Panofsky et al., 1977). 26 
aT x3 
Fig. 3.5 y-as a function of the thermal stability parameter, -,—, for the 
unstable case. 
& Coté, 1971). 
mean data Kansas experiments (Wyngaard 
by Panofsky et al. (1977) and Wyngaard & Coté (1971), we conclude that our 
results are somewhat higher but are compatible with theirs. 
3.2 DISTURBED MEAN WIND FIELD 
3.2.1 Disturbed wind field for perpendicular flow direction and thermally 
neutral stratification 



































































































^ = — — , are plotted for a run in near-neutral atmospheric stratification 
UH UH 
( IT—| = 0,002) and a nearly perpendicular angle of attack ($ = 1°). All bar-
rier properties mentioned in Ch 1 can be easily recognized in this picture. 
At every measuring level, a speed reduction is observed ahead of the barrier. 
Just behind the barrier, there is a calm region extending roughly from the 
surface to the barrier height. The maximum height just behind a barrier up 
to where a perceptible reduction takes place, is known in the literature 
(Plate, 1971) as the sheltered height H . Generally, for a closed obstacle, 
this height is accepted as being about 1,7 times the height of the obstacle. 
Our data show a sheltered height H = 1,8 at x, = H. Just over the barrier 
at the leeward side, the vertical sneed gradient is very steep. This gradient 
gradually decreases as the distance from the barrier increases. The greatest 
speed deficit occurs just behind the obstacle below the barrier height. With 
increasing distance from the barrier, the maximum deficit gradually decrea-
ses and in addition shifts to a higher level. At the farthest location 
(x, = 30 H ) , the measured profile and the original one still differ, which 
means that for a closed obstacle the region influenced appreciably is larger 
than 30 H. 
With the results of figure 3.6, a picture of the reduction was constructed 
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Fig. 3.7 The mean relative wind speed reduction, R = 
u(-10H,x3) - u(x15x3) 
around the barrier in a near-neutral atmos-
u 




R = — and in figure 3.7 the iso-reduction lines are 
u(-10H,x3) 
plotted between the calculated interpolated points. This picture indicates 
clearly that the reduction starts just ahead of the barrier, especially near 
the surface. Just behind the barrier, near the surface, the greatest reduc-
tion occurs. Furthermore, behind the barrier, the reduction decreases very 
gradually and at the farthest station there is still a mean reduction of about 
0,1. In the literature (Jensen, 1953) often a sheltered area is given, de-
fined as the area near the surface (x3 = -r), at which the reduction is at 
least 0,2. From figure 3.7 it can be deduced that in our experiment this 
area extends to about x, = 24 H. 
The wind profiles were measured with cup anemometers, which only give a 
limited picture of the disturbed flow field, especially just around the 
barrier. That is why additional observations were carried out with a large 
number of simple wind vanes and smoke visualizations. An artist impression 
of these observations is depicted in figure 3.8. These visualizations showed 
that in front of the barrier a recirculation bubble occurs. This front bubble 
starts near the surface at about -0,5 H and reattaches on the obstacle at a 
height between 0,5 H and H.. Wind tunnel experiments confirm this and show 
that the dividing streamline starts on the surface at -0,5 H and ends on the 
barrier at a height 0,6 H (Good & Joubert, 1968). Behind the barrier a rear 
recirculation bubble occurs starting at the top of the barrier and ending 
on the surface at a distance between 5 H and 10H. Field visualization expe-
riments, performed by Ogawa & Diosey (1980), confirm this and show that the 
reattachment point is at 6H for a closed barrier. Moreover, our visualiza-
tions showed the influence of the finite width of the barrier on the distur-
bed flow. At perpendicular incidence angle, a weak recirculation bubble oc-
curs near the surface at the edges of the barrier. This indicates that the 
recovery of the wind profiles not only takes place from above but also from 
the sides. 
3.2.2 Effect of thermal stratification 
In the analysis of the thermal stratification effect, we selected an unstable 
H H 
















pendicular (|<|>| < 1°) to the barrier. The dimensionless undisturbed profiles, 
-
 A- ïï(-10H,x3)-ïï(x1,x3) 
—-, and the dimensionless speed deficits, —- = — , of these 
uH uH uH 
runs have been plotted in figure 3.9. Besides, in figure 3.10 the relative wind 
ïï ü(xi'x3) 
speed of these runs, — = , and the results of the near-neutral 
uR u(-10H,x3) 
? been plotted fc 
bility of the stratification effect on the speed recovery. 
u 
run (T- = -0,002) have been plotted for 3 levels, thus enhancing the discerni-
From the results of figure 3.9 we can easily see the stability effect on the 
undisturbed wind profiles: with increasing instability, the wind shear de-
creases at the higher levels. In addition, with increasing instability the 
undisturbed wind profile has more horizontal momentum near the surface. This 
means that with increasing instability, just in front of the barrier, more 
mass has to deflect in upward direction in order to pass the barrier. It is 
fair to expect that with increasing instability the normalized wind speeds 
will increase just behind the barrier at the higher levels, and, in addition, 
the normalized speed deficits will increase at the lower levels. These ef-
fects are in fact shown quite clearly in the results in the figures 3.9 and 
3.10. With increasing distance from the barrier, which is clear from these re-
sults, the speed deficits gradually decrease and the fastest speed profile 
recovery takes place in the unstable atmospheric condition. In the stable 
case, however, we see that below about x, = 2 H the recovery of the wind 
speed profile is faster than in the near-neutral case. 
In a disturbed flow, the exchange process for momentum is dependent on the 
turbulence of the original undisturbed flow and on the turbulence generated 
by the barrier. The turbulence of the original flow, however, is highly de-
pendent on the thermal stratification: an increasing instability is coupled 
with an increasing turbulence level. Consequently, we suppose that a faster 
recovery of the speed profile occurs with increasing instability. On the 
other hand, the speed deficits just behind the barrier are smaller with in-
creasing thermal stability. That is probably the reason why in the stable 
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Fig. 3.10 The relative mean wind speed 
uR u(-10H,x3) 
for 3 levels and 3 
different thermal stratifications,for perpendicular indidence 
angle (<)> < 2 U). -0,002; — y = -0,09; — - + — £ = +0,09. 
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For all runs with an incidence angle \<p\ < 3°, the sheltered distance was 
determined in order to investigate if there exists a relation between this 
LI 
distance and the stability parameter -p. From these results, plotted in figure 
U 
3.11, it can be concluded that this distance changes significantly with y in 
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Fig. 3.11 The dependence of the sheltered distance on the thermal strati-
fication for perpendicular flow direction. 
u 
x, = 24 H for neutral conditions to about x, = 17,5 H at y = -0,1. For 
stable stratifications, however, this distance remains almost constant up to 
u 
T- = +0,1 with a mean value of x, = 23 H. 
3.2.3 Oblique flow conditions 
The disturbed wind profiles in oblique flow are analyzed first for two near-
neutral runs (-j-= -0,01). We selected angles of attack of <f> = 22 and 
<)> = 40 . The measured relative wind speed profiles and deficits are presented 
in figure 3.12 and figure 3.13, respectively. 
Itcan be seen from these results that after apparent recovery has taken place, 
the next measuring location shows a little overshoot in the wind speed near 
the surface (in figure 3.12 and figure 3.13, the wind speed overshoot regions 
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Fig. 3.14 The mean relative wind speed deficits in near-
tion for several incidence angles (j>. 
neutral stratifica-
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figure 3.i4 the speed deficit profiles behind the barrier for incidence 
angles <)> = 13°, 22°, 32° and 40°. From this result we can deduce an overshoot 
region followed by an undershoot region and, moreover, these regions can be 
observed to shift to the barrier with increasing incidence angle. 
Physically, an overshoot in the wind speed near the surface, followed by an 
undershoot can be explained by means of a line vortex that is deflected by 
the finite width of the barrier (see figure 3.15). The undisturbed fluid 
Fig. 3.15 The deflection of the line vortex near the surface, due to the 
finite width of the barrier. 
+ region of increasing speed; - region of decreasing speed. 
flow has a Tine vortex, determined by the speed gradient near the surface. 
Near the barrier this line vortex is deflected due to the finite width of 
the barrier. As a result, high momentum from above is transported downward 
at one side of the deflected line vortex and low momentum is transported up-
ward at the other side of the vortex line behind the barrier. 
With the data of figure 3.14, we tried to locate the regions where an over-
shoot of the wind speed near the surface occurs. As a rough estimate we found 
a sector of 30 around the incidence angle, which originates at the 
windward barrier edge (figure 3.16). The left part of this sector indicates 
an overshoot and the right part an undershoot of the wind speed. 
39 




















* -X—* X 7 * — 
/ / 
/ ./ 
/ / V 
A^T v -" / / \ 1 5 ? -- - Up.30° 
^ ' IJ 





10 20 30 










10 20 ,30 
Fig. 3.16 The overshoot 0 and undershoot 0 areas for different 
incidence angles (j>; x is mast location. 
If we have a barrier of infinite width, the sheltered distance equals the 
simple cosine relation x, (<j>=o).cos $. In the case of a barrier of finite 
width, however, the sheltered distance is dependent on the width as well. 
If the width of the barrier is not too small, the sheltered distance follows 
also the simple cosine relation for incidence angles if not too wide. For 
wide incidence angles, however, the disturbed flow flows within the location 
x, (<(>) = x, (4>=o).cos <}> (figure 3.17). In a first order approximation the 
apparent sheltered distance, x, , is now determined by the width of the bar-
rier and by the overshoot area and equals: 
x, = -2-c°t(<t>+a).cos<t (3.4) 
Here B stands for the width of the barrier and a for the sum total of the 
angles constituted by the overshoot sector of 15 and the angle of the sec-
tor between 100% apparent recovery and 80% apparent recovery of the speed 
profile. From the data of figure 3.14 we can deduce that the latter angle 
is approximately 10° so a = 25°. 
40 
wind direction 
Fig. 3.17 The apparent sheltered distance x, near the surface (x, = -j) for 
wide incidence angles. B is the width of the barrier; B' the width 
of the wake for 100% recovery for a finite barrier; B" the width 
of the wake for 80% recovery; x, the sheltered distance for an 
infinite barrier. 
To analyze the sheltered distance in more detail, we have given x, for all 
runs in figure 3.18 as a function of the incidence angle |<J>|. Moreover, in 
this figure we have plotted the cosine relation for a barrier of infinite 
width and the relation (3.4) for a barrier of width B = 32 H. From these 
results the very strong dependence of the incidence angle on the sheltered 
distance is obvious, being due mainly to the width of the barrier. Besides, 
from figure 3.18 it can be seen that all observed sheltered distances lie 
below the theoretical curve (3.4). If this curve is translated 8° to the 
left, the agreement is much better. 
For porous obstacles several studies have been carried out in order to de-
termine the incidence angle dependence on the sheltered distance. The results 
for barriers of 50% porosity from the work of various authors are plotted in 
figure 3.19. In addition, in this figure we have given the cosine relation for 
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Fig. 3.19 The relative sheltered distance, 
xls 
ls max 
, for porous obstacles 
(50% porosity) as a function of the incidence angle 
— cos<j 
for i n f i n i t e bar r ie r ; 
barr ier of Seginer. 
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B = 40 H (Seginer, 1975). It is evident from this figure that the results 
follow the cosine relation up to an incidence angle of about 30°. Beyond this 
angle, the results follow the relation (3.4). 
3.2.4 Conclusions about the disturbed mean wind field 
The mean wind profile at the farthest location (x, = 30 H) still deviates 
significantly from the reference wind profile. At this station, the maximum 
difference is 15% with respect to the reference wind profile and occurs at a 
level of about 2 H in a thermally neutral atmosphere and a perpendicular flow 
direction. Atmospheric instability enhances the velocity disturbances; it 
also leads to a faster recovery of the wind speed profiles. The sheltered 
distance follows the cosine dependence for barriers of infinite width for 
not too wide incidence angles. The apparent sheltered distance for wide in-
cidence angles is determined by the width of the barrier and follows in a 
first order approximation the relation: 
x, = 7jC0t(c(>+a).C0S(j>. 
3.3 TURBULENCE PROPERTIES 
3.3.1 Near-neutral stratification 
In order to gain more insight into the turbulence proporties of the disturbed 
flow, the r.m.s. values of the speed fluctuations around the barrier were deter-
mined. In figure 3.20 the normalized speed fluctuations have been plotted for 
nearly perpendicular flow direction ($=1 ) and near-neutral stratification 
u 
(•[-=-0,002). The r.m.s. values, a , are nondimensionized with the r.m.s. va-
lues, a „ , of the same height at the reference location. In figure 3.20 only 
the data for x, <: H have been plotted, because these data only could be cor-
rected for instrumental cut-offs (see Ch2). 
Ahead, of the obstacle, at all levels below the barrier height, the r.m.s. 
values gradually decrease. A decrease is expected, because the mean stream-
line curvature causes a reduction of the turbulence intensity if the stream-
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Fig. 3.20 The normalized r.tn.s. values of the speed fluctuations, 
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JuR wu 
a (-10H x ) ' f o r P e r P e n d ' i c u l a r f!ow d i rect ion (<j>=l ) and 
near-neutral s t r a t i f i c a t i o n (y- = 0,002). 




and below the barrier height a minimum in the speed fluctuations is observed, 
whereas at the obstacle height the minimum is shifted downstream. Further 
downstream the speed fluctuations increase and, at the levels x, = 0,5 H and 
x3 = H, even exceed the undisturbed values near the station x, = 15 H. At the 
level x3 = 0,3 H, beyond x1 = 10 H, the speed fluctuations increase somewhat 
slower. Nevertheless, near the location x1 = 30 H the undisturbed value, too, 
is exceeded. If we define a second sheltered distance, x' , as the dis-
tance at which the reduction of the r.m.s. values of the speed fluctuations, 
°uR"au H 
— , near the surface (x, = £) is at least 0,2, we find for this dis-
uuR ° J 
tance xj s = 9 H in the near-neutral case. This distance is much shorter than 
the sheltered distance for the mean wind speed (Xj = 24 H) , which signifies 
that the sheltering for the speed fluctuations is restricted to a region 
close to the barrier. 
However, our results deviate from those obtained by Hagen & Skidmore (1971). 
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Hagen & Skidmore measured the r.m.s. velocity components at x, = 0,5 H with 
two anemometer bivanes simultaneously, one of which was permanently placed at 
their reference location (x, = -12 H) and the other one at their location 
x, = 2 H, 6 H, 12 H or 20 H. Their results and ours at the level x3 = 0,5 H 
have been plotted in figure 3.21. The thermal stratification was estimated at 
Fig. 3.21 The normalized r.m.s. values of the speed fluctuations, 
au(x15x3) H 
auR au 
d i rec t ion . 
f-lflH x ) ' a^ a n e i ' 9 n t of X, = y and perpendicular flow 
£ = -0,002; — j i = -0,09; A—A data of Hagen & 
Skidmore (1971). 
their reference location by measuring the bulk Richardson number, but they 
do not report a numerical value. In the next section, though , we will see 
that our results in unstable stratification reflect the results of Hagen & 
Skidmore much better. 
3.3.2 Non-neutral stratification 
The effects of thermal stratification were studied by selecting an unstable 
H H 
run (-p = -0,09) and a stable run (y = +0,09). The normalized r.m.s. values of 
the speed fluctuations have been plotted in figure 3.22. 
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Fig. 3.22 The normalized speed fluctuations, 
7uR " Ö u( - 1 0 H ' X 3) 
, for levels 
below the obstacle height in 3 different thermal stratifications 
and nearby perpendicular incidence angle (<j> < 2°). 
and ( — ) H = 0,31. -
JH 
£ = -0,002 and ( r ^ - ) H = 0,24; 
UH 








From this result it is easy to see that the stratification effect on the tur-
bulence is much greater than the effect on the speed deficits (see e.g. 
figure 3.12). In both the stable and the unstable case, the speed fluctua-
tions just around the barrier are reduced, but the increase rate is much 
higherfor all levels since the stratification is more unstable. Besides, in 
the stable case we see that the disturbed speed fluctuations remain below 
the undisturbed values for all levels and all measuring stations. 
As one may see from figure 3.12, in the disturbed flow the greatest wind 
shear for all stability cases occur between the levels x3 = H and x, = 2 H 
and here mainly the new turbulence is generated. Below the level x3 = H, the 
shear is quite small for all stability cases. That is why it is reasonable 
to assume that below x, = H the increase of the turbulent kinetic energy with 
increasing distance from the barrier is caused mainly by a flux from above. 
Besides, the turbulence level in an unstable atmosphere is higher than in a 
stable atmosphere, in which the turbulence is strongly suppressed. Since a 
high turbulence level is coupled with better mixing, the increase in turbu-
lence at the lower levels, to all probability, is faster with increasingly 
unstable stratification. The results of figure 3.22 do show these effects 
clearly indeed. 
When the r.m.s. data of the speed fluctuations of the unstable case are also 
plotted in figure 3.21, we find that they are in much better agreement with 
the data of Hagen & Skidmore. Perhaps the data of Hagen & Skidmore were ob-
tained in thermally unstable stratification. To estimate the thermal strati-
fication, Hagen & Skidmore measured the bulk Richardson number, which is de-
fined as: _ 
,dT . 
Ri - 9 3 H 2 
B
 ~ y - ' 
UH 
As Golder (1972) showed, this stability parameter is uniquely related to the 
Richardson gradient number for a given terrain roughness. Hence, the bulk 
Richardson number can be accepted as a correct parameter to indicate the 
thermal stratification. Hagen & Skidmore did their measurements during day-
light hours only and do not report any numerical value for this parameter. 
However, there are more differences between our experiments and those of 
47 
Hagen & Skidmore that may be responsible for the discrepancy. First, Hagen 
& Skidmore performed their measurements over a smoother terrain, character-
ized by a roughness length z = 9,44 mm. Second, the width-to-height ratio 
B 
of their barrier was somewhat smaller (approximately rr = 25). 
3.3.3 Conclusions about the disturbed turbulence 
The sheltered distance for the r.m.s. value of the speed fluctuations, a , 
is much shorter than the sheltered distance for the mean wind speed in a near-
neutral atmosphere. The increase in a , below the level x, = H, is caused by 
a flux of turbulent kinetic energy from above. The effect of the thermal stra-
tification on a is greater than the effect on the speed deficits. In an un-
H 
stable atmosphere, a increases near the surface (x3 = •*•) and exceeds the 
undisturbed value, a
 R, significantly. 
LI 
In a stable atmosphere, a near the surface (x, = •=•) is strongly suppressed 
and recovers very slowly without exceeding the undisturbed value. 
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4 Results of the drag coefficient measurements 
4.1 INTRODUCTION 
If a body is placed in a flow field, a force will be exerted on this body 
by the fluid flow. Limiting ourselves to the force parallel to the flow 
direction, two kinds of forces can be recognized: the friction force and the 
pressure force. Due to the tangential stress along the body, caused by the 
internal friction in the fluid, a force termed the friction drag is genera-
ted. This kind of drag mainly occurs over "streamlined" or slender bodies 
that are aligned with the mean flow direction. In addition, at the surface 
of the body a pressure force normal to the surface is induced. The integral 
of the component of this pressure parallel to the flow is termed the form 
drag. This kind of drag predominates for slender bodies not aligned with the 
mean flow and for bluff bodies. The flow separates; in the wake downstream 
of the body the flow is severely distorted. 
In our experiment, where a fence is placed more or less perpendicular to the 
flow, we have a typical bluff body flow, in which the friction drag is negli-
gible. 
The drag on a body depends on its shape, the orientation of the body in the 
flow field and the properties of the flow field itself. In general one hopes 
to be able to predict the drag of a given bluff body from the knowledge of 
the properties of the flow field in which it is erected. The complexity of 
turbulence is such that an analytical solution is not possible in the present 
state of knowledge and recourse must be made to experiments. 
For a given bluff body, successful dependences on the drag can be obtained 
on the basis of dimensional analysis. If the undisturbed flow is character-
ized by the speed un at height H, the thermal stratification by the Obukhov 
length L, the surface roughness by z and the flow direction by the angle <j>, 
then the drag coefficient for a two-dimensional barrier of infinite width, 
C,, can be expressed as: 
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|puH H o 
where D represents the force on the barrier per unit width. 
Eq. (4.1) is valid only for barriers of infinite width. Our barrier, however, 





where D' represents the total force acting on the barrier and •• represents 
the aspect ratio i.e. the height-to-span ratio. 
For a perpendicular flow direction, however, the former expressions for the 
LI 
drag coefficient are equivalent if the aspect ratio, g-, is small enough. 
Hoerner (1965) showed that for a rectangular plate, placed in a uniform flow, 
u 
both expressions are equivalent within 5% for an aspect ratio •& $ 0,01. In 
u ö 
our experiment the aspect ratio g- = 0,03, hence it is reasonable to assume 
that the drag coefficient depends on the aspect ratio. 
During the measurement campaign, we measured the drag, D', perpendicular to 
the barrier. This force,nondimensionized in the same way as in eq. (4.2),is 
called the normal-force coefficient C (Hoerner 1965): 
cn=7^T = 9 (^'T-'ï'r'* )- (4-3) 
|pu,jH.B o 
In the next sections the normal-force coefficient, (4.3), will be determined 
H H 
for a roughness parameter -=- = 60 and an aspect ratio of ^  = 0,03. 
o 
4.2 RESULTS OBTAINED FROM DIRECT FORCE MEASUREMENTS 
During the measurement campaign the perpendicular drag on the barrier was 
measured directly by means of a measuring plate, which was constructed more 
or less in the center of the barrier. A local perpendicular drag was measured 
and this local forcé, divided by the width of the measuring plate, was assum-
50 
ed to be a correct estimation for the mean perpendicular force per unit width 
acting on the barrier. Measurements at this plate were carried out only at 
the end of the campaign, during the months September through December in 
1982. During this period the atmospheric stratification was small under wes-
terly wind conditions. Expressed in terms of the Obukhov length, \j-\ < 0,02. 
The force data obtained with this method therefore, could be used to deter-
mine the dependence of the Reynolds number and the incidence angle on the 
normal-force coefficient in thermally neutral stratification. 
4.2.1 Dependence of the normal-force coefficient on the Reynolds number 
The relationship between the normal-force coefficient and the Reynolds num-
ber is determined from perpendicular flow data. Here incidence angles 
with |cf>| ^  5° were accepted as "perpendicular". The result is given in 
figure 4.1, which in the measured Reynolds number range shows a more or less 
constant value of C = 1,07 with a standard deviation of 0,04. Consequently, 
the normal-force on the barrier depends on the momentum flux perpendicular 
to the barrier (D ^  pïï„). 
3.10 8.10° 9.10° 
^ R e H 
Fiq. 4.1 The normal force-coefficient, C , as function of the Reynolds 
° — n 
uH.H 
number ReH -
perpendicular flow di rect ion |<j>| ^ 5 
standard error. 
under near-neutral s t r a t i f i c a t i o n |-j-| < 0,02 and 
mean value; 
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For a bluff body the drag coefficient is nearly independent of the Reynolds 
number if the Reynolds number is high enough. Since we are dealing with a 
sharp-edged body here, there is no critical Reynolds number, as in the cases 
of spheres and cylinders. 
In wind tunnel studies, where a bluff plate is attached to a smooth wall and 
is immersed in its boundary layer, a constant drag coefficient is also repor-
ted by most authors. Plate (1964), for example, found C. = 1,05 for an in-
finite barrier attached to a smooth wall and with an approach speed profile 
— —
 x3 1/7 — 
u = ^ .(-r-) . Here 6 represents the boundary layer thickness and u^ the 
undisturbed approach speed. In the same conditions, De Bray (1971) found 
_ —
 x3 i 
C, = 1,05 and, with an approach speed profile u = u œ (-?-)4» a drag coeffi-
cient Cd = 0,8. 
The only outdoor measurements known to the author, in which the drag was 
correctly measured are those of Seginer (1975) with a porous line obstacle. 
Seginer found a normal-force coef f ic ient C = 0,77 for a barr ier with a 
H H 
roughness parameter — = 80 and an aspect ratio w = 0,025. Seginer did not 
o 
report the Reynolds number dependence on the normal-force coefficient but he 
assured us (private communication) that he had found no dependence at all. 
4.2.2 Normal-force coefficient in oblique flow 
For all incidence angles within the range, \$\ < 40 , the normal-force coef-
ficient is presented in figure 4.2. These data show that the normal-force 
coefficient decreases with increasing angle of incidence. In front of the 
barrier, a reverse pressure gradient is generated, causing an upward deflec-
tion of the flow. In case of an oblique flow, the pressure forces in front of 
a large solid barrier only correspond to the momentum flux perpendicular to 
the barrier (Hoerner 1965). Consequently, it must be expected that the normal-
force on the barrier depends on pü,,.cos (j>. With the data of figure 4.2 the 
relation G .cosn<j> was fitted, in which C stands for the normal-force coef-
ficient in perpendicular flow direction. For the exponent we found n = 2,1, 
which is in good agreement with the foregoing. The obtained result, 
2 1 C .cos ' <j>, too has been plotted in figure 4.2. 
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^<D 
Figure 4.2 The normal-force coefficient measured with the direct force 
u 
method in thermally neutral stratification (|-j-| < 0,02). 
It is interesting to note that for porous barriers the normal-force coeffi-
cient does not show a C -.cos <|) dependence. E.g. Seginer (1975), who also 
investigated the normal-force coefficient dependence in oblique flow, but 
for a porous fence (50% porosity), found a C .cos<j> relation for the same 
range of angles. The reason for this difference is probably caused by the 
changes of the flow field in the close vicinity of the barrier. While our 
wind vane and smoke observations close to the barrier showed a considerable 
horizontal deflection of the flow, hardly any change of horizontal course was 
noticed near fences of medium porosity (Seginer, 1975). The barrier of 
Seginer consisted of vertical slats. For a single slat, Kirchhoff in 1869 and 
Rayleigh in 1876 with the "free-streamline theory" (see e.g. Batchelor, 1977) 
already obtained a theoretical expression for the normal-force coefficient: 
. _ TTCOS(|> 
n 4 + -neos«!» ' 
Fage and Johanssen (1927) checked th is expression experimentally and found 
the resul t for incidence angles |<j>| < 60°: 
r - 9 /IR 'ncos Cn - 2 ' 4 5 - T T TTCOSlj) 
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which, except for a proportionality constant, agree well with the theory. The 
barrier of Seginer consisted of a row of slats, which in a first order appro-
ximation for moderate incidence angles, can be considered as a row of inde-
pendent slats. 
4.3 NORMAL-FORCE COEFFICIENTS WITH A MOMENTUM INTEGRAL METHOD 
The drag on an obstacle can be calculated also by application of momentum 
conservation to a control volume around the barrier. For a narrow control 
volume we found the expression (2.9) in Ch.2: 
C_ = 
l
 X3R _2 _2
 1
 X1R 
j - J {v1(xla,x3) - Vl(xlb,x3)}dx3 + -j- ƒ {v} (xla,x3 
JuHH zo JuHH zo 
vi (xlb'x3)}dx3 
1
 X3R _ _
 1
 xlb 
-j- f (P(xla'x3) " p ( xlb' x3^ d x3 T f vl(xl'x3R)v3(xl'x3R)dxl 
JpïïHH zo |pïïHH xla 
=
C n ( V l ) + C n ( a v ) + C n ( P ) + C n ( V 3 ) ' 
where C (V,) represents the contribution to the normal-force coefficient due 
to the mean horizontal momentum flux through the vertical planes of the con-
trol volume, C (a ) the contribution due to the turbulent momentum flux, 
C (v3) the contribution due to the mean horizontal momentum flux through the 
ceiling of the control volume and C (p) the contribution due to the pressure 
difference. The vertical velocity component, v3, was calculated by using the 
mean two-dimensional continuity equation: 
X3 3Ï 
v, = - ƒ -5-±dx0. 3 9x, 3 
In the course of the campaign, however, a serious difficulty appeared: with 
the cup anemometers the speeds of the distorted wind profiles were measured, 
but the wind direction was not. Very close to the barrier, the local wind direc-
tion can deviate considerably from the mean undisturbed wind direction and 
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the momentum integral method proved to be very sensitive to this. That is 
why around the barrier observations were made with a large number of simple 
wind vanes and with smoke. From this visualization it appeared that in per-
pendicular flow direction at the front surface of the control volume the wind 
direction agreed well with the undisturbed direction. At the rear surface 
above the obstacle height, the same was observed, but below this height the 
flow was reversed most of the time (see figure 4.3a). That means that if the 
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Fig. 4.3 The wind profiles around the barrier 
measured wind profile. 
real wind profile; 
Cn(v,) term will be underestimated according to: 
Cn(Vl> = Cn( Vl) + A Cn( Vl)> 
where C'(v\) is the measured contribution to the normal-force coefficient 
and C (7,) is the real contribution. Besides, if the normal-force coefficient 
is calculated with different ceiling levels, x,R, of the control volume, the 
error AC n(7 1), is invariable with the choice of this level. On the other hand, 
due to mass conservation, the mean vertical velocity at the ceiling height 
is underestimated with a constant value. Hence, the Cn(7,) term is overesti-
mated according to: 
W = Cn(v3> + AVV3)' 
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where C'(v"3) is the measured contribution to the normal-force coefficient 
and C (v"3) is the real contribution. Besides, for different ceiling heights, 
x,R, the error AC (v^) is dependent on this height. The higher this level, 
the greater the error, AC (7,), due to the increase in the mean horizontal 
velocity V-, (x, ,x,R) at this level. Consequently, the calculated normal-force 
coefficient increases with the ceiling height of the control volume, which 
cannot be correct. On the other hand, if the lower part of the measured wind 
profile at the rear surface of the control volume is taken in reverse (see 
figure 4.3b), the opposite is found: the calculated normal-force coefficient 
shows a decrease with increasing ceiling height. A constant normal-force with 
increasing ceiling level, is only found for a wind profile that ensures mass 
conservation in the control volume. 
Fig. 4.4 The calculated normal-force coefficient for different ceiling 
heights of the control volume and for different flow conditions 
at the rear side of the control volume. E.g. 50% stands for 50% 
of the measured speed values at the lower rear side of the con-
trol volume. 
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In the calculation of the normal-force coefficient we adopted the following 
procedure. For different ceiling levels the normal-force coefficient was cal-
culated with speed values between 100% to -100% of the measured values for 
the lower rear side of the control volume. As the correct normal-force 
coefficient we accepted the value that did not exhibit a ceiling level de-
pendence, because that ensured that mass was conserved. An example of this 
procedure is given in figure 4.4 for a mean perpendicular flow direction in 
u 
near-neutral atmospheric conditions (-r = - 0,01). Here a constant normal-
force coefficient C = 1,08 was found for a reversed flow at the lower rear 
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Fig. 4.5 The values of the contributing normal-force coefficient terms for 
different ceiling levels in a run with perpendicular flow direction 
<l> = 0° and ~- = - 0,01. 
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was accepted as a correct value. Moreover, this result is in agreement with 
the direct force method. 
For the accepted normal-force coefficient, the numerical values of the dif-
ferent contributing terms are plotted in figure 4.5 as a function of the cei-
ling level. As can be expected from the choice of the narrow control volume, 
the pressure term, C ("p), is the most important one, followed by the two mean 
momentum flux terms C (7,) and C (V,). Moreover it is clearly shown that the 
turbulence term, C (a ), is of minor importance. For all runs with nearly 
perpendicular flow direction (|<t>| ^ 5°), an almost similar picture was found. 
In addition, a constant normal-force coefficient was found if the flow at the 
lower rear side of the control volume was taken reversed with a numerical 
value of almost 50% of the measured wind speed. The last feature also agreed 
with the wind vanes and smoke visualization. 
4.3.1 Normal-force coefficients in oblique flow direction 
The static pressure measurements could only be carried out during the summer 
season under absolutely dry weather conditions. Rain drops block the ports 
of the pressure probes and moreover the micro barometer, based on an electric-
capacity principle, produces fallacious values. This restriction limited 
the number of runs in which pressure profiles were measured, needed for the 
momentum budget calculations. For all runs in which the pressure profiles 
M 
were measured, only two runs satisfied the near-neutral condition |j-| ^  0,02. 
As a consequence, the dependence on the angle of incidence could only be 
u 
analyzed if we took |T-| •£ 0,07 as the near-neutral condition. This was accepted 
and the calculated normal-force coefficients for oblique winds have been plotted 
2 
in figure 4.6 as well as the relation C .cos <f>. 
If we look only at small incidence angles, we find a mean normal-force coef-
ficient: 
Cn = 1,09 for |<j)| ^  5°, 
with a standard deviation of 0,05. This result is in good agreement with the 
direct force method. For the entire angle range, however, we find the rela-
tion: 
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Cn = 1,09. cos24) for |<|,| $ 26°, 
with a much larger standard deviation of 0,12. 
Fig. 4.6 The normal-force coefficient, calculated with a momentum budget 
method in oblique flow direction and near-neutral stratification 
(l"l « 0,07). 
4.3.2 Normal-force coefficient in stratified atmospheric conditions 
In an unstable atmosphere, the undisturbed atmospheric wind profile contains 
more horizontal momentum below the obstacle height than a wind profile in 
stable stratified condition. In front of the barrier, an adverse pressure 
gradient is generated, to deflect the flow upwards. This gradient depends 
on the amount of air mass below the obstacle height that has to pass the 
barrier. Therefore, it is reasonable to expect that the normal-force coeffi-
cient will increase with instability. 
We selected all calculated normal-force coefficients in perpendicular flow 
direction and plotted them in figure 4.7. The calculation procedure as pointed 
out in the former sections was applied for all calculations. A linear regres-
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Fig. 4.7 The effect of atmospheric stratification on the normal-force 
coefficient under perpendicular flow direction |<j>| ^  5 . 
sion fitted to the data results in: 
Cn = 1,08 - 0,72 ä for -0,4 < ^  < 0,1 , 
with a standard deviation of 0,06. 
In fiqure 4.8 the regressions of the contributing terms have been plotted as a 
u 
function of the stability parameter -p. From this picture we conclude that the 
horizontal momentum flux term, C (v-, ), increases with instability, but that 
the momentum flux term, C (Vg), at the ceiling of the control volume decrea-
ses at almost the same rate. As a result, the net change of the normal-force 
coefficient due to the horizontal momentum only slightly increases with in-
stability. The main change of the normal-force coefficient is obviously cau-
sed by pressure effects. Figure 4.8 also clearly shows that the turbulence 
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buting terms of the normal-force coefficient in perpendicular 
flow direction |<J>| ^  5°. 
4.4 CONCLUSIONS ABOUT THE NORMAL-FORCE COEFFICIENT 
The normal-force coefficient of a closed barrier, which is attached to the 
surface, has a numerical value of C = 1,07 in a near-neutral atmosphere and 
in perpendicular flow direction. This coefficient is independent of the 
Reynolds number. 
In oblique flow directions, the normal-force on a closed barrier depends on 
the momentum flux perpendicular to the barrier. Consequently, the normal-
force coefficient follows a cos <$> dependence. A porous barrier consisting 
of slats, however, can be considered as a row of independent slats in a first 
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order approximation. For not too wide angles, the normal-force coefficient 
of these barriers follows a
 A ,
C
 „/ dependence. 
4 + TTCOS<p 
The normal-force coefficient depends significantly on the thermal stratifi-
cation. This coefficient increases with increasing instability and decreases 
with increasing stability. 
The momentum budget method, as used in this study, proved to be a correct 
method to determine the normal-force coefficient. Besides, this method gives 
insight into the importance of the contributing terms to the normal-force co-
efficient. For a narrow control volume it proved that the pressure term is 
the most important term, followed by the horizontal momentum term. The tur-
bulence term, however, is of minor importance. 
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5 Model calculations 
One of the earliest attemps to describe the disturbed shear flow behind a 
two-dimensional barrier is the diffusive model by Kaiser (1959). In this mo-
del, Kaiser started from the assumption that the momentum loss behind an 
obstacle spreads according to the diffusion equation. The barrier itself is 
modelled by a sheet sink of momentum. 
This model is unrealistic and oversimplified physically. First, Kaiser did 
not use the momentum equation, which rules the flow. Second, the barrier it-
self is correctly modelled, however, the rate of change of the momentum flux 
in the flow, due to the barrier, does not agree with the force on the barrier. 
Third, the conservation of the angular momentum of the flow does not hold. 
We checked this model against our data and found that the model results and 
the data did not coincide at all. There are other model approaches (Tani, 
1958; Sforza et al., 1970 and Garshore, 1972) which are based on similar con-
cepts. However, these models give no significant improvement either. 
Because of the weak physical foundation of these models and the bad agreement 
with experimental evidence, we decided not to analyze these models any further. 
5.1 TOWNSEND'S MODEL 
5.1.1 Description of the model 
A physically more realistic model to describe the disturbed leeward wind field 
is that by Townsend (1965). Townsend started from a logarithmic wind profile 
in the undisturbed flow: 
u
*
 x3 u = JL in _i (5.1) 
o K z 0 ^ 
Townsend introduced two kinds of disturbances: those caused by the wake ef-
fect and those caused by the decrease in the surface stress. To describe the 
disturbed wind profiles, Townsend made the similarity hypothesis: 
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_ _ U, X., U, X, 
U ï U o - r f i l r ) " i r W - (5-2) 
Here 1 represents a length scale, u, a velocity scale due to the wake effect 
of the barrier and u~ a velocity scale determined by the change of the sur-
face stress. These velocity scales only depend on the distance x, from the 
barrier. The functions f, and f, are universal dependent on the dimensionless 
xi 1 ù 
height j - , 
Townsend made a similar hypothesis for the disturbed shear stress. For small 
velocity disturbances, |ïï - ïï| « ïï , he assumed: 
X X 
He substituted (5.2) and (5.3) in the streamwise two-dimensional momentum 
equation. He obtained, after using the continuity equation and after linea-
rization, the result: 
1 d vi vi HI vi 
x3 
where n = -y-, the dimensionless height, and a prime stands for differentia-
tion with respect to n. The self-preservation can be obtained only if there 
is required: 
ïïxV4-=Cl a n d V 7 l r ^ ê = C 2 • <5-5> 
i o l o l 
where C^ and C~ are constants. Townsend took as these constants: 
Cl = C2 = 2K 2. (5.6) 
Using the initial condition 1 = H for x. = o, he found for the length scale: 
l(lnl--l) - H(lntU - 1) = 2K.x, (5.7) 
zo zo 




_2 _2 _2 
J(uo - u )dx3 = |uH.H.Cd , (5.8) 
where C. is the drag coefficient, he found for the velocity scales: 
c (iniL)24r 
Ld H zo 
ui = T - T - U * — — - r ' 
V (5.9) 
u, °° 
Up = — T — , where I = /f2(n)dn.. 
ln^- o 
o 
Substitution of (5.5) in the momentum equation gives: 
nfj = F r (5.10) 
To find an explicit solution for the leeward velocity profiles, Townsend 
used the mixing length hypothesis: 
Fx = nfi , (5.11) 
and he finally arrived at: 
n < 1 : ïï = ïï - % e _ r i + ^ 5 - ) , (5.12) 
ü K




n i 1 : u = u .e . 
o K 
Because of the linearization procedure which Townsend applied, this result 
is only valid sufficiently far downstream from the barrier. 
The model of Townsend points out the decisive role of the drag coefficient 
of the barrier in the disturbed flow field. Here, both velocity scales are 
linearly dependent on this coefficient. The higher the drag coefficient, the 
greater these velocity scales and, consequently, the greater the flow reduc-
tion will be. 
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Townsend has checked his model against the data provided by Rider (1952). 
Rider's data were taken instead of Nà'geli's data, probably because first, 
Rider's reference profile agreed better with the logarithmic form of (5.1) 
and, second, Rider's farthest station downstream the barrier was at 64 H 
while Nägeli's farthest station was at 30 H. Rider's experiment was carried 
out over a rectangular sportsfield. The surface consisted of short grass with 
a length of about 0,03 m. A hawthorn hedge surrounding the sportsfield was 
used as a barrier; the grass was on the leeward side. The adjacent windward 
side was covered with wheat stubble with a mean height of about 0,25 m. In 
fact in this experiment the turbulent boundary layer was simultaneously sub-
jected to a step change in the surface roughness and to a porous barrier. 
Rider's data for x, >, 9 H and for the two levels 0,6 H and 1,2 H agreed well 
with the model results after the drag coefficient, C,, and the obstacle 
height, H, were adjusted to give optimal agreement with his model calcula-
tions. The real C, value was unknown and the mean obstacle height was 1,7 m. 
The best fit was obtained for a drag coefficient of 1,3 and a height of 1,24 
m. Townsend argued that for a closed barrier the effective height of the bar-
rier equals the real height H. For a porous barrier, however, the effective 
height is unknown, but has the same order of magnitude as the real height of 
the barrier. That is why the optimal fit is found for a smaller porous ob-
stacle height. 
5.1.2 Model results 
We performed calculations with Townsend's model and compared them with the 
u 
data presented in section 3.2.1 for a near-neutral atmosphere [y = - 0,002) 
and perpendicular flow direction (<j> =-1°). The measured undisturbed wind 
profile was fitted with a logarithmic curve, which resulted in a dimension-
u«, 
less friction velocity -p- = 0,084 and a terrain roughness length z = 0,039 m. 
UH 
As barrier height was taken 2 m, which corresponds to the real obstacle 
height. As drag coefficient was taken 1,07; the numerical value which was 
obtained by the direct-force method. The model calculations and the data are 
presented in figure 5.1. Besides, in this figure the back flow in the near 
wake region (x, < 5 H) is constructed as observed by the wind vane and smoke 
vizualizations. 
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Fig. 5.1 The mean wind speed profiles behind the barrier after Townsend's 
model in comparison with the measured profiles model calcu-
lations; — measured values by the cup anemometers; values 
by vane and smoke vizualizations. 
In the near wake region, the model results do not indicate a back flow near 
the surface. Here, the velocity disturbances are great, hence, a great dis-
crepancy between the model calculations and the data should be expected. The 
results of figure 5.1 show this discrepancy clearly indeed. 
In the far wake region (x, > 5 H), the velocity disturbances become gradually 
smaller with increasing distance from the barrier. Hence, a better agreement 
between the model calculations and the data should be expected with increa-
sing distance from the barrier. At the station x, = 10 H, the model calcula-
tions show an overestimation to a height of approximately 3 H. The maximum 
wind speed difference occurs at about the obstacle height and is circa 40% 
with respect to the reference speed ïïn. At greater distances the differences 
become gradually smaller, with a maximum of about 20% and 102 at the stations 
X-. = 15 H and x, = 30 H respectively. The heights at which this maximum oc-
curs has shifted to approximately 2 H at the latter station. From figure 5.1 
we conclude that the model calculations do not coincide with the data of the 
far wake region except at great height. Here, the differences between the 
model calculations and the data become gradually smaller with increasing dis-
tance from the barrier. If a maximum difference of 10% from the reference 
speed ïï,, is accepted as reasonable, it means that the model of Townsend is 
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only correct for distances greater than 30 H downstream a closed barrier. 
In the model of Townsend the disturbed flow near the rough surface is assumed 
to be in "local equilibrium" in the sense that the turbulent energy produc-
tion locally balances the dissipation and consequently the perturbed shear 
stress is in equilibrium with the disturbed wind profile (Townsend, 1961). 
This means that the speed profiles must exhibit a logarithmic part near the 
surface. If the model calculations of the far wake region are put in a semi-
logarithmic plot, this surface layer can easily be recognized (see figure 
5.2). From this result it can be seen that this surface layer starts very 
close to the surface and becomes gradually thicker. It has often been assumed 
(Bradshaw & Wong, 1972) that the growth rate of the surface layer is nearly 
the same as that downstream of a small step change in the surface roughness. 
In the case of a small step change in the surface roughness, the thickness 
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Fig. 5.2 The calculated wind profiles for the far wake region after 
Townsend's model. 
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from the surface perturbation (Peterson, 1969). In figure 5.3, the thickness 
of the logarithmic surface layer according to Townsend's model have been plotted 
against the downstream distance from the barrier. From this result we see 
that the thickness of the surface layer according to Townsend's model is 
roughly 1% of the downstream distance too. Besides, in figure 5.3 the data 
have been plotted which will be discussed later on in this section. 
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It is of interest to investigate whether the data do indicate a local equi-
librium layer near the surface. That is why in figure 5.4 the data are also 
given in a semi-logarithmic plot. From this result the logarithmic surface 
layer can easily be deduced. At the station x, = 10 H the local equilibrium 
layer extends to a level of about 0,8 H, which is much higher than the model 
of Townsend predicts. At the station x, = 15 H, the surface layer gradually 
extends to a height of 1,4 H. At the farthest station, x, = 30 H, the extra-
polated logarithmic surface layer extends to a height of approximately 3,5 H. 
Here, however, the data exhibit a significant undershoot below the logarith-
mic extrapolation line; the departures from the logarithmic line are 3%, 6% 
and 3% for the levels H, 2 H and 3 H respectively. In figure 5.3 the growth of 
the measured logarithmic surface layer has been plotted too. From these results 
it may be concluded that the measured rate of growth is almost the same as 
the predicted one according to Townsend's model. The thickness of these lay-
ers, however, differs almost one order of magnitude. 
The occurence of a logarithmic layer near the surface is of special interest 








0,01 0,2 0,4 0,6 0,8 1,0 1,2 _û_1,4 
Fig. 5,4 The measures wind profiles for the far wake region in perpen-
dicular flow direction (<f> = 0°) and near-neutral stratification 
# 0,001). logarithmic profile extrapolation. 
layer just downstream the reattachment point of a backward-facing step 
in a wind tunnel experiment along a smooth surface. In their experiments they 
found a pronounced dip below the line corresponding to the logarithmic "law". 
At the station 16 step heights downstream the backward-facing step, the un-
dershoot had a maximal departure from the logarithmic line of approximately 
5%. The undershoot gradually became smaller and shifted to a higher level 
with increasing distance. 
Bradshaw & Wong proposed two possibilities to explain the undershoot in the 
logarithmic surface layer: first that there does not exist a local equilibrium; 
second that the length scales of turbulence near the surface increase more 
rapidly with the height than in a normal equilibrium layer. On the other 
hand, Etheridge & Kemp (1978), who studied the flow just around the separa-
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tion region due to a backward-facing step in a water channel along a smooth 
surface, did not find evidence for an undershoot in the logarithmic velocity 
profile of the surface layer. Their measuring stations were located at the 
reattachment point, x, = 4,9 H, and at x, = 6 H and x, = 8,29 H. That they 
did not find an undershoot in the logarithmic part of the profiles they 
ascribed to the fact that they measured much closer to the reattachment point 
than Bradshaw & Wong did.However, from the measured momentum profiles, they 
found positive evidence that near the reattachment point the length scales 
of turbulence near the surface increase more rapidly with height than in a 
normal equilibrium layer. That means that the disturbed flow near a smooth 
surface is more complex, hence, it is more difficult to be modelled. 
The wind profiles for the far wake region presented here (figure 5.4) exhibit 
an undershoot in the logarithmic part near the surface only at the farthest 
station. A possible reason for not finding a velocity undershoot at the lo-
cations x, = 10 H and x-, = 15 H may be the difference in terrain conditions. 
The laboratory measurements by Bradshaw & Wong as well as those by Etheridge 
& Kemp were carried out along a smooth surface, whereas our measurements were 
performed over rough terrain. A second possible reason may be that the under-
shoot in the logarithmic part occurs below the lowest measuring level at the 
stations x, = 10 H and x-, = 15 H. Only additional measurements may clarify 
this. 
5.1.3 Conclusions about Townsend's model 
In order to describe the disturbed shear flow behind a line obstacle, Towns-
end has used the streamwise momentum equation. Behind the obstacle, Townsend 
assumed that the flow in the wake is self-preserving. Near the surface, how-
ever, Townsend assumed that the flow is in local equilibrium. Townsend linea-
rized the momentum equation, which means that the solution is only valid suf-
ficiently far downstream the barrier. By using the rate of change of the mo-
mentum flux, due to the barrier, Townsend introduced the drag coefficient 
into the solution. The drag coefficient is a parameter which, in thermally 
neutral stratification and perpendicular flow direction, is determined by 
the geometry of the barrier and the terrain roughness only. 
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In the near wake region (x, ^  5 H), the model calculations and the data do 
not coincide at all. Here, the disturbances are not small and a great discre-
pancy between the calculations and the data should be expected. Besides, in 
this region the model does not indicate a back flow near the surface. 
In the far wake region (x, > 5 H ) , the speed disturbances become smaller and 
an increasing agreement between the calculations and the data should be ex-
pected with increasing distance downstream the barrier. The comparison be-
tween the model results and our data shows that the differences become smal-
ler with increasing distance. At the station x, = 10 H, the maximum wind 
speed difference occurs at about the obstacle height and is about 40% with 
respect to the reference wind speed IL. At the farthest location, the maximum 
speed difference occurs at a level of approximately 2 H and is about 10%. 
The disturbed wind profiles of the far wake region show a logarithmic part 
near the surface. The thickness of this logarithmic surface layer is almost 
one order of magnitude greater than Townsend's model predicts. The rate of 
growth of this layer, however, corresponds to Townsend's predicted rate of 
growth. 
The logarithmic surface layer, exhibits a significant undershoot at the far-
thest station only. This can be an indication that the disturbed flow near 
the surface is more complex than it was expected. Additional measurements are 
needed to clarify this feature over rough terrain in more detail. 
5.2 COUNIHAN, HUNT AND JACKSON'S MODEL 
5.2.1 Description of the model 
The most sophisticated model that describes the profiles in the far wake 
region is that by Counihan, Hunt and Jackson (1974). The far wake region is 
defined as the region beyond the reattachment point. In the following, this 
model will be referred to as the C.H.J, model. C.H.J, assumed that the undis-
turbed upstream boundary layer can be described by the power law: 
- -
 x3 
u = uH.(ir-) , where the exponent, n, has to be chosen to obtain the best 
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In the C.H.J, model, the far wake region is divided into 3 layers: the sur-
face layer W, the mixing layer M and the external layer E. The surface layer 
W is adjacent to the rough surface, where the flow is assumed to be in local 
equilibrium. Here the turbulent energy production balances the dissipation 
and the disturbed wind speed is assumed to obey the law of the wall: 
-
 uxl x3 
u = -*± In -J- , (5.13) 
K
 zo 
where u^ is the local friction velocity defined as \/-^ -. 
* I V P 
C.H.J, postulated the existence of a mixing layer, M, in which the velocity 
perturbation, defined as u = ïï - ïï(ü is the real wind speed and ïï the un-
disturbed upstream speed), is self-preserving. Here, the motions at different 
sections differ only in velocity and length scales. For the mixing layer, 
C.H.J, proposed the following solution for the perturbation term u: 
x3 
where n = -•—. 
Here, m is an arbitrary power. 1 represents a length scale, which depends on 
the distance x, only, û is a constant dimensionless velocity scale, referred 
to as the "wake strength", which is determined by the characteristics of the 
H m barrier and the roughness of the surface. Or, û.(—) is a local velocity 
xl 
scale. The function f is universal, dependent only on the dimensionless 
x3 height n = -i—. 
In the mixing layer, C.H.J, assumed that in a first order approximation the 
perturbation of the shear stress, x = 7 - 7 (7 is the real shear stress and 
7 is the undisturbed upstream shear stress), behaves like that in a turbu-
lent wake and can be expressed by: 
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x x
 2pKH|H_, (5.15) 
where KH represents the undisturbed upstream exchange coefficient for momen-
tum at the obstacle height H. 
By substitution of the proposed wind speed, u = u + u, and shear stress, 
T = T + T 
O 
in the streamwise two-dimensional momentum equation, C.H.J, obtained, after 
using the continuity equation, for the momentum equation: 
m n ' H xl dl n+l.„ ^ n-l/m f xl H dl l f ,,;-, 
-
 m.n .f - ^ . ^ . n f + n.n (m.f - ^ . j ^ f - nf )} = 
^4.(?) n + 2f'". (5.16) 
ÏÏHH2 
The self-preservat ion can be obtained only i f there is required: 
— X ( j f + 2 = C3 , (5.17) 
u H H 2 
where C, is a constant for which C.H.J, took C, = 1. Hence, for the length 
scale they found: 
x 1 
i = M R - ^ ) " * 7 ' <5-18> 
where R. is a turbulent Reynolds number, which is defined as: 
ÏÏH. H 
Rt = 2 ^ - (5-19) 
Substitution of (5.18) in the momentum equation (5.16) gives: 
(n+2)f " + n n + 1f" + (m(n+2) - n).nnf' + n(l-m(n+2))nn_1f = o (5.20) 
The appropriate solution for this differential equation cannot be determined 
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until m is found. An additional conservation condition for some physical 
quantity in the wake is needed. Mostly for this condition is used the rela-
tion between the change of the momentum flux due to the barrier and the drag 
on the barrier (see for example (5.8) in Townsend's model). In C.H.J.'s model, 
however, this condition did not lead to a suitable solution. Instead of this 
condition they used the conservation of angular momentum. The self-preserving 
solution of (5.16) can only satisfy this conservation condition if: 
m = 1 , 
and û = -^£-
(5.21) 
Rt.H'.uH.I 
where I = (l+n)(2+n 
4+n
 r/4+nN r/l-n> 
T(2-n) 1
 W 
- C = /x,.u .(u-Up)dXo . 
0 
Here, u^ stands for the solution of the wind speed perturbation in the exter-
nal layer E. 
Finally for the wind speed perturbation, u, in the mixing layer they found 
,, - H - d , 2
 c ,2-n 4+n -n n + 2 N ,c 00N 
u = uH-^-u-ïïïï{n-lFl{^ïï'?fn'-^7) (5-22) 
where -.F, is the confluent hypergoniometric function as defined by 
Abramowitz & Stegun (1964, p 504). In this solution, the "wake strength", û, 
is a constant which is determined by the geometry of the barrier and the 
roughness of the surface. C.H.J., however, did not find a relation between 
the "wake strength" and the barrier and surface characteristics. They suggest 
that the "wake strength", Q, must be experimentally fitted in such a way that 




 ïïo xl 1 
UH 
•n-.jT-l in the disturbed flow field of the far wake region. 
In the surface layer C.H.J, assumed that the flow is in local equilibrium. 
Here, the flow obeys the law of the wall (5.13). In this layer C.H.J, intro-
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duced a perturbation friction velocity, v , defined as: 
u
*l = u* + v* . ' (5-23) 
where u^ -, is the real local friction velocity and u is the undisturbed fric-
tion velocity. Hence, a perturbation velocity, u, can be introduced in this 




u = _ In — . (5.24) 
K
 zo 
By matching the perturbation velocity and perturbation shear stress in the 
surface layer with those of the mixing layer, C.H.J, got the matching condi-
tions: 
^ l n ^ = ïïH.^.û.f(>), 
1
 (5.25) 
2 u v = H TT ü_ f"(-^L) 
L
 V * î - V x j K^ru 
where x, stands for the thickness of the surface layer. The solutions of 3w J x3 
v and x, from (5.25) lead to complicated expressions unless —i— is close 
to the value at which f" vanishes. C.H.J, did show this and they finally 
arrived at: 
i 3 In — 
U = Û .£ .ÏÏu.f'fe. — ^ - ' (S-26) 
1
 i n ^ w 
zo 
for the surface layer. It is of interest to note that the shape of this so-
lution is similar to Townsend's surface layer solution (5.12). This is not 
surprising, since both models in the surface layer are based on the same con-
cepts. 
C.H.J, checked their model with wind tunnel data and found an excellent agree-
ment for the far wake reqion. In addition, they checked their model with the 
outdoor data of Nägeli (1953). For Nà'geli's data, they found a good agree-
ment too, except for Nageli's farthest station x, = 30 H. At this station 
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a systematic underestimation of the wind speed was found. C.H.J, ascribed this 
underestimation to the finite width of Nageli's barrier. 
5.2.2 Results of the C.H.J, model 
We performed calculations with C.H.J.'s model and compared them with our field 
data for a near-neutral atmosphere (y- = 0,002) and perpendicular flow direc-
tion (<i> = -1°). The measured undisturbed wind profile was fitted with the 
— — 3 n 
power curve u = uH.(-n-) , which resulted in n = 0,24» In addition, the loga-
rithmic curve (5.1) was fitted, which resulted in a normalized friction velo-
city — = 0,084 and a terrain roughness length z = 0,039 m. For the "wake 
UH 
strength", Û, we took the maximum value of ,
u
"
uo xl 1, for the far wake 
JH 
region (x, > 5 H which resulted in u = 2,72. The model calculations and the 
data have been plotted in figure 5.5 for the far wake region. 
Fig.5.5 The mean wind profiles behind the barrier after the model by Counihan 
Hunt and Jackson in comparison with the measured profiles. 
model calculations; — measured values by the cup anemometers. 
From figure 5.5, we conclude that the C.H.J.-model results agree well with 
our data. At the station x. = 10 H, the maximum speed difference occurs at a 
height of about 3 H and with a difference of less than 5% from the reference 
wind speed IT,. At greater distances, the differences decrease and are smaller 
than 3% and 2% at the stations x, = 15 H and x, = 30 H,respectively. Besides, 
77 
the maximum difference shifts to a slightly higher level; at the farthest sta-
tion it occurs at a height of about 2 H. 
In the mixing layer, C.H.J.'s model is self-preserving. In order to check 
the self-preservation, the data of this layer can be plotted on a single 
curve. Therefore, in figure 5.6, the data, 
U - U Xj X, 
— - — . - q - , have been plotted against n = —- for all runs with an incidence 
u H 
angle of |<J>| « 1° and a thermal s t r a t i f i c a t i o n of \j-\ « 0,002. 
D 3~ io 
"H H 
Fig. 5.6 The velocity deficit measurements for all runs with an incidence 
angle of |cj>|< 1 and a thermal stratification of |-j-| •$ 0,002, plot-
ted as a self-preserving profile for the far wake region. 
theoretical curve; extrapolated mixing layer curve. 
Here all the results are presented in groups for the three different stations. 
Moreover in this figure, theoretical curves based on C.H.J.'s model are given, 
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both for the mixing layer M and for the surface layer W. In the mixing layer, 
our data show a scatter around the theoretical curve without a systematic 
deviation. The scatter, however, is larger than that found in wind tunnel 
experiments (e.g. Counihan et al., 1974 and Perera, 1981) but smaller than the 
scatter in the full-scale experiments of Nägeli (1953) (see e.g. Counihan 
et al., 1974). 
It is interesting to note that in figure 5.6 the results of our last station, 
x, = 30 H, do not show a systematic deviation from the theoretical curve 
either. C.H.J, analyzed the data of Nägeli and found for the farthest sta-
tion of Nà'geli a clear systematic underestimation of the wind speed deficits. 
The width of Nageli's barrier was about 11 H and C.H.J, concluded that at 
this station, the wake ceased to be two-dimensional. In our experiment, the 
barrier had a width of 30 H. No systematic underestimation in the wind speed 
deficits being found, it is reasonable to suppose that side influences due 
to the finite width of the barrier are of minor importance in our experimen-
tal results. 
ïïo " ïï xl 
In the surface layer W, the normalized wind speed deficits, .-n—, are not 
UH 
H 
self-preserving. In figure 5.6 the theoretical solutions have been plotted for 
the stations x^ = 10 H and x, = 30 H. Here we see that the two stations clo-
sest to the reattachment point, x, = 10 H and x, = 15 H, show a scatter a-
round the theoretical curves. The farthest station deviates from the theore-
tical curve systematically. If the theoretical curve from the mixing layer 
is extrapolated into the surface layer, however, we see that our data of the 
farthest station are in much better agreement with this curve. In a wind tun-
nel experiment, performed by Perera (1981) the same was found for the sta-
tions beyond the distance 20 H. 
In order to compare the surface layer of C.H.J.'s model with the data of this 
layer in more detail, both results have been given in a semi-logarithmic plot 
in figure 5.7. Besides, in this figure we have constructed the upper border of 
this layer for both results. The border of the C.H.J.-model has been taken as 
x3 
the height at which f "(-=-) vanishes and the border of the data has been construc-
ted from figure 5.4. From this result it can be concluded that C.H.J.'s model 
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Fig. 5.7 The C.H.J.-model results in comparison with the near-neutral data 
for the surface layer of the far wake region. 
gives a much better description of the surface layer than Townsend's model 
(see figure 5.2). Moreover, it can be seen that C.H.J.'s model underestimates 
the thickness of this layer systematically. 
In C.H.J.1s model, it is assumed that the normalized local velocity scale 
decreases with the distance according to (see (5.14)) û.(—)m. C.H.J, showed 
1 that self-preservation requires m = 1. That is why C.H.J. supposed that 
the maximum value of 
u 0- u in the far wake region has to decrease according to: 
U„ - U M l 
(^ ) -C 4 . ( ? ' " 
u„ max 
J 4 - % (5.27) 
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where C4 is a constant and m' is close to 1. C.H.J, checked this hypothesis 
with a large number of available wind tunnel data and with the full-scale 
experiments of Nägeli (1953) and Rider (1952). As result they found (see 
Counihan et al., 1974) that these data support the m' = 1 hypothesis. More-
over, they found that C^ lies between 3 and 10, depending on the geometry of 
the barrier and the surface roughness; C„ increases with decreasing porosity 
and decreasing terrain roughness. 
For all our near-neutral data (|-j-| .< 0,002, the normalized wind speed deficits 
have been plotted against ^  (figure 5.8). A regression analysis 
Fig. 5.8 The maximum wind speed defi-
cit for all runs with an in-
cidence angle of |<t>| < 1° 
and a thermal stratification 
|jj| «: 0,002. 
was applied to these data and resulted in an exponent m' = 0,91 and a con-
stant C4 = 4,3. This is in good agreement with C.H.J.'s hypothesis. 
From the results of fig. 5.6, it appears that the maximum wind speed deficits 
occur at a fixed dimensionless height, about at n m a x = 1>4. With the expres-
sion for the length scale 1 (5.18), this means that the vertical displace-
ment of the position of this maximum increases according to: 
« x 1 
3 max 1 / . / 1 l , n + ? 
~~H = 1'4-(TC-~H') * 
(5.28) 
With the exponent n = 0,24 and turbulent Reynolds number R. = 12, the theore-
tical vertical displacement will be: 
^ J H H = 0 , 4 5 . Ä 0 ' 4 5 . im 
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iH From all our near-neutral data ( |-j-| ^  0,002), the dimensionless vertical dis-
placement was estimated and plotted (figure 5.9) against the normalized dis-
1 tance ^ -. A regression analysis was applied to these data and resulted in the 
Fig. 5.9 The height at which the 
maximum speed deficit 
occurs experimen-
tal curve; — thereti-
cal curve. 
5 10 50 
experimental vertical displacement: 
0,64 
lax _





X 3 m a x
 = 0,22. £ ) 
which approximately agrees with the theoretical one. Due to the very limited 
number of measuring levels, the experimental displacement height x 3 max' is 
quite uncertain. The differences between the two displacement results can 
be ascribed primarily to this uncertainty. 
5.2.3 Conclusions about C.H.J.'s model 
In order to describe the disturbed shear flow behind a line obstacle, C.H.J. 
used the streamwise momentum equation. Near the surface, beyond the re-
attachment point, C.H.J, assumed the existance of a layer in which the flow 
is in local equilibrium. Above the surface layer, C.H.J, assumed a mixing 
layer in which the flow is self-preserving. C.H.J, did not linearize the mo-
mentum equation. Consequently, their solution must be valid for a distance 
much closer to the barrier than Townsend's solution. Our data confirm this.As 
an additional conservation condition, C.H.J, did not use the relation between 
the change of the momentum flux, due to the barrier, and the drag on the 
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barrier, but the conservation of angular momentum. To use C.H.J.'s 
model in practice, additional measurements are required in order to deter-
mine the wake strength û. C.H.J, did not find a relation between the drag 
coefficient, Cd, and the wake strength Û. The wake strength, Û, is a para-
meter which is mainly determined by the geometry of the barrier and the sur-
face roughness. 
In the far wake region, (x, > 5 H ) , our data agree excellently with the model 
results. With increasing distance from the barrier, the wind speed differ-
ences with respect to the reference wind speed, ïï,,, are less than 5%, 3% and 
2% at the stations 10 H, 15 H and 30 H respectively. The maximum speed dif-
ference at the station x, = 10 H occurs at a height of about H. With increa-
sing distance, the maximum speed difference shifts to a higher level and oc-
curs at a height of about 2 H at the farthest station. 
C.H.J, postulated a mixing layer beyond the reattachment point which is 
self-preserving. Our data do support this hypothesis. 
Our data of the farthest station downstream do not deviate systematically 
from the theoretical single curve in the mixing layer» That is why it is rea-
sonable to suppose that at this station the side influences due to the 
finite width of the barrier are of minor importance in our experimental re-
sults. 
In the surface layer, C.H.J.'s model is based on the same concepts as 
Townsend's model. That is why both models have the same shape in this layer. 
The data in this layer, however, agree much better with C.H.J.'s model than 
with Townsend's model. The thickness of this layer is somewhat underestimated 
by the C.H.J.-model. 
C.H.J, postulated that the normalized maximum wind speed deficit, 
ü - II
 H 
( )„,„ , decreases according to — . Our data do support this hypothesis. 
-- max x-i 
uH 1 
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6 Conclusions and suggestions 
The disturbance of the flow field around a closed barrier is asymmetrical. 
Ahead of the obstacle, a wind speed difference of less than 15% from the re-
ference profile occurs at a distance -4 H. Behind the obstacle, a speed dif-
ference of less than 15% from the reference profile occurs at the station 
30 H. At a height of 5 H, the speed disturbances due to the barrier are still 
perceptible. The greatest speed deviation from the undisturbed speed at this 
level occurs at a distance of about 4 H downstream and is somewhat greater 
than 5%. The sheltered distance around the barrier, defined as the area near 
Lj 
the surface (x, = -j) at which the reduction is at least 0,2, extends from 
-3 H upstream to 24 H downstream. In thermally unstable conditions, the mean 
speed disturbances are greater as the instability increases. The downstream 
u 
sheltered distance, however, decreases to about 17,5 H for £• = -0,1. In sta-
ble conditions, the mean speed disturbances are smaller and the recovery of 
the speed profiles takes place somewhat faster than in the neutral case. The 
downstream sheltered distance decreases to about 23 H and is independent of 
the stability for j - > 0,02. 
A closed barrier causes sheltering for the speed fluctuations too. The down-
stream sheltered distance for the r.m.s. value of the speed fluctuations, a , 
is much shorter than the sheltered distance for the mean wind speed. In ther-
mally neutral condition, this distance is about 9 H. Further downstream, the 
a values below the barrier height increase gradually and exceed the r.m.s. 
value of the speed fluctuations at the reference height. The increase is main-
ly caused by a flux of turbulent kinetic energy from above. 
The effect of the atmospheric stratification on the speed fluctuations is much 
greater than its effect on the mean wind speed. In the unstable case, the down-
Lj 
stream sheltered distance for a decreases to 5 H for p- = -0,09. Beyond this 
distance, a below the obstacle height increases rapidly. At a distance 15 H 
downstream the barrier a maximum value of a occurs. At this location, in the 
H 
•j- = -0,09 case, the r.m.s. values of the speed fluctuations at all levels are 
at least 20% higher than the undisturbed values. In thermally stable conditions, 
however, the speed fluctuations below the obstacle height are strongly sup-
pressed. 
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The sheltered distance for the r.m.s. value of the speed fluctuations lies 
u 
far beyond the station 30 H in the thermally stable condition T- = 0,09. 
To study the turbulence above the level x3 = H, additional measurements are 
required. The co-spectra or the auto-correlation functions of the velocity 
components have to be determined in order to correct the data obtained by the 
cup anemometers. 
In oblique flow directions, the downstream sheltered distance for the mean 
wind speed follows the cosine dependence for barriers of infinite width: 
xls " Also' 
for incidence angles up to: 
«j, = taF^SjH) -25°. 
For wider incidence angles, the apparent sheltered distance, x, , is deter-
mined by the width of the barrier and in a first order approximation equals: 
xls = ?tan((f)+25 ).cos<(>. 
Just in front of a closed barrier, there is a recirculation region starting 
at a distance of about -0,5H and ending on the barrier at a height of about 
0,6 H. Behind the barrier, there is a second recirculation region starting on 
the barrier and ending at a distance of about 6 H. Within these recircula-
tion regions, the speed values, as measured by the cup anemometers, deviate 
much from the mean velocity. Here, the velocity profiles can only be correctly 
measured by anemometers that indicate the speed and the direction simultaneous-
ly-
The normal-force coefficient, defined as C = «-, has a numerical value of 
5 PUu H 2 H 
C = 1,07 for a closed obstacle in perpendicular flow direction and in ther-
mally neutral condition. This coefficient is independent of the Reynolds num-
tr„.H 
ber Re = . In oblique flow directions, the drag on a closed barrier de-
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pends on the momentum flux perpendicular to the barrier. Consequently, the 
2 
normal-force coefficient must follow a cos cj> dependence. Our data do support 
this. 
The normal-force coefficient is dependent on the thermal stratification. In 
unstable conditions, this coefficient increases significantly; C = 1,37 for 
H 
y- = -0,1. In stable conditions, this coefficient decreases significantly; 
C n = 1,00 for {1 = 0,1. 
The momentum budget method, as used in this study to determine the normal -
force coefficient in an indirect way, proved to be a correct method. In near-
neutral conditions and perpendicular flow direction, this method resulted in 
a normal-force coefficient of C = 1,09,which is in good agreement with the 
direct-force method. In oblique flow directions, however, the standard devia-
tion was 0,12 which is three times the standard deviation of 0,04 obtained 
by the direct-force method. 
We compared the wind profile data with the model by Townsend (1965). Townsend 
linearized the streamwise momentum equation in his model. In the near wake 
region (x, ^  5 H ) , the wind speed disturbances are great. Hence, we expected 
and found a great discrepancy here between the calculations and the data. Be-
sides, in this region Townsend's model does not indicate a back flow near the 
surface. 
In the far wake region (x, > 5 H ) , Townsend's model overestimates our data at 
all stations. The maximum differences with respect to the reference wind speed, 
ïïH, are 40%, 20% and 10% at the downstream stations 10 H, 15 H and 30 H res-
pectively. The height at which the maximum difference occurs is about 1 H at 
the 10 H station and about 2 H at the farthest downstream station 30 H. 
Near the surface, Townsend assumed a layer in which the flow is in local equi-
librium. Here, the velocity profiles are logarithmic. Our wind speed data show 
a logarithmic surface layer. The rate of growth of this layer, however, is 
almost one order of magnitude higher than Townsend's model predicts. 
Laboratory experiments, performed by Bradshaw & Wong (1972) in which the dis-
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turbed shear flow due to a backward-facing step along a smooth surface was 
studied, exhibit a significant undershoot in the logarithmic part of all ve-
locity profiles beyond the reattachment point. Bradshaw & Wong proposed two 
main possible explanations of this feature: first that there does not exist 
a local equilibrium; second that the length scales of turbulence near the 
surface increase more rapidly with the height than in a normal equilibrium 
layer. The latter possibility was confirmed by Etheridge and Kemp (1971), who 
studied the flow just around the separation region due to a backward-facing 
step in a water channel. That means that the disturbed flow near a smooth 
surface is more complex, hence it is more difficult to be modelled. Our data 
exhibit a velocity undershoot in the logarithmic surface layer at the far 
station only. Possible causes of our failure to find a velocity undershoot 
at the stations 10 H and 15 H may be first that we performed our experiment 
over a natural terrain; second that a velocity undershoot occurred below our 
lowest measuring level. In future full-scale experiment, more attention must 
be paid to clarifying this feature for a natural terrain in more detail. 
We compared our wind speed data of the far wake region (x-, > 5 H) with the 
model results of Counihan, Hunt and Jackson (1974) (referred to as the C.H.J, 
model). C.H.J.'s model results for the self-preserving mixing layer agree ex-
cellently with our data. In this layer, the maximum speed differences with 
respect to the reference wind speed, IL, are less than 5%, 3% and 2% at the 
stations 10 H, 15 H and 30 H,respectively. The maximum speed difference occur 
at a level of approximately 1 H at the 10 H station. With increasing distance, 
the maximum speed difference shifts to a higher level. At our farthest sta-
tion, 30 H, it has a height of about 2 H. 
According to C.H.J.'s model, the mixing layer is self-preserving. That means 
that the data of this layer can be represented by a single curve. Our data do 
support this hypothesis. 
Our wind speed data for the last station, x, = 30 H, do not deviate systema-
tically from the single curve in the mixing layer in perpendicular flow di-
rection. Hence, we conclude that the wake remained two-dimensional at our 
last station in perpendicular flow direction. Besides, this indicates that 
in our experiment the recovery of the wind profiles by side effects is of 
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minor importance up to our farthest station. 
In the surface layer, C.H.J.'s model results agree well with our data for the 
stations 10 H and 15 H. The model results for the farthest station, however, 
deviate systematically from our data in the surface layer. Here it appears 
that the model results for the mixing layer, extrapolated into the surface 
layer, are in much better agreement with our data. The same was found by 
Perera (1981) in a wind tunnel experiment. 
The thickness of C.H.J.1s surface layer is somewhat underestimated, it is in 
much better aareement with our data, however, than the thickness of Townsend's 
surface layer. 
ïï-ïï 
C.H.J, postulated that the normalized maximum wind speed deficit, — — , de-
H u 
creases according to — . Our data do support this hypothesis. H 
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Appendix A 
CORRECTION PROCEDURE FOR THE SPEED FLUCTUATIONS 
A cup anemometer placed in a turbulent wind field responds to the absolute 
wind speed. If the mean horizontal velocity equals v\ and the fluctuating 
horizontal velocity components are vj and vi with IviI^l' a S000' est1" 
mate of the mean speed U" is (Bernstein, 1967): 
\*l + lv2 1 (A.l) 
The velocity distribution of the vi component is Gaussian, hence (A.l) can 
also be written as: 
2 v 2 2 
"
=V1 1!1+ÏJ < A - 2 > 
v1 
— 7 
where vi is the variance of the vi distribution. 
If the variance of the speed fluctuations is estimated with a cup anemometer, 
the following relation holds: 
(IT + u'f = (v1 + v[f + v£. (A.3) 
No correlation exists between v^ and vi, consequently the speed variance, 
u' , will be: 
^ = ^  + ( i - \Y^ 
« v ^ + 0,36 sif (A.4) 
— 2 — 2 
vi and vl are of the same order, hence a good approximation for (A.4) is: 
u"-ssl,36 vj^. (A.5) 
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By the pulse counting system, the pulses were averaged over the 10 s counter 
gate time intervals. This means that the measured speed variance, 
— 7 
um , will be (Pasquill, 1974; Tennekes, 1981): 
TT , ,2 At 
um = i r f / 1 - hK™« 
,2 At 
/ ( 
o "" '1 
i r ^ i -hK (T)dr, (A.6) 
where PX(T) is the correlation function of quantity x. 
A simple analytical approximation for a correlation function in a homoge-
neous atmospheric surface layer is (Bessern, 1976; Tennekes, 1979): 
pv (T) = exp (-KI.T1), (A.7) 
where I is the integral time scale. This time scale is related to the peak 
frequency of the normal stress spectrum by(Bessem, 1976): 
I = 7 5 - ^ — , (A.8) 
v, 2TT n ' v ; 1 m 
where n is the peak frequency. 
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Appendix B 
PHASE SHIFT ERROR, CAUSED BY SPATIAL SENSOR SEPARATION 
If a cross-correlation is estimated between the two velocity components 
vj(x_,t) and vA(x +"r,t), measured at two different locations "x and 
x +r, a correlation reduction is introduced dependent on this spatial sepa-
ration (Kaimal et al., 1968). For an estimation of this reduction, one of 
these quantities must be translated over this separation distance "f. If we 
assume that in a first approximation the turbulence of the flow is frozen, 
Irl Taylor's hypothesis, t = 1—L, can be applied and the translated vó component 
can be written as: vl 
viOt+r.t) = v'(x n,t-M). (B.l) 
"3^o ' '*' ~ '3^0' 
vl 
The Fourier transforms V-, of the vj component and V, of the translated vA 
component equal (Bendat and Piersol ,1971) : 
00 . 
VjO^.n) = Jv|(xo,t)ël2wntdt, 
and V*(* ,n) = ƒ
 v'(x t - ^ e - 1 ' 2 ™ ^ (B.2) 
-oo v 





 Vj ' W n ^ 
tJrL 
v i 
Hence the measured one-sided spectrum, expressed in the one-sided spectrum 
for coinciding sensors, will be: 
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G v 3
( v n ) = vt-vs 
-i2Trr>S-
And the measured co-spectrum will be: 
^ ( v " ) = Re«v3(vn) } 
= Co .cos(2^nM) + Q sin(2TrrJ?L), (B.3) 
1 3 v, 1 3 v, 
where Q is the quad-spectrum. 
vlv3 
From this result we may infer that the real co-spectrum will be reduced and 
that a part of the imaginary quad-spectrum will be transformed to the real 
measured co-spectrum. 
The relative error E in the measured momentum flux, caused by spatial sepa-
ration,will be: 
E _ ^ 3 - *T5* 
(B.4) 
vpj 
= /(1-H (n))Co (n)dn - /Hs(n).Qv (n)dn 
o 1 3 o 1_3 
/Co (n)dn 
o 1 3 
where H (n) = cos(2iTrJ^-) and H (n) = sin(2irni^i-). 
vl vl 
In order to quantify this error, we used the empirical co-spectra relations 
from the Kansas experiments (Kaimal et al., 1972): 
" "'VS 14f 
9LJ- = 7 ä for f < 1,0, (B.5) 




.2 [1 + 13,3f) TT7F 
for f > 1,0 , 
and the measured values from Smith (1974) for the quad-spectrum. This error 
is dependent on the observation height by the nondimensionalized frequency 
n.x-
'1 
The calculated results as a function of this height are depicted in 
figure B.l. 
Fig. B.1 The relative error E 
in the flux of momen-




Shear layer flows which are strongly disturbed, often occur in nature as well 
as in engineering practice. Up to now little is knqwn about this class of 
flows. This is partly explained by the complexity of these flows and partly 
by a lack of experimental data. 
The objective of this study is: first, to carry out a full-scale experiment 
around a two-dimensional barrier which is attached to the earth surface; 
second, to compare the obtained data with existing models which describe such 
strongly disturbed shear layer flows. 
In Chapter 1, the goal of this study is described in more detail. A review 
is given of the most important outdoor experiments that were carried 
out in the past. Besides, in Chapter 1 a qualitative description of these 
flows is given. 
In Chapter 2, more details are given about the measurement program and the 
terrain conditions. 
To ensure that the measured flow disturbances are caused by the erected 
barrier and are not caused by other terrain disturbances, special attention 
must be paid to the terrain conditions of the measuring site. The surface 
condition must be homogeneous and free of other obstacles to an upstream 
distance of about 100 times the highest measuring level from the most wind-
ward location. Such a terrain was found along an aircraft runway, located 
in the south east of the Netherlands. 
In Chapter 3 the data will be discussed. The data of the undisturbed refe-
rence location were analyzed and compared with those in the literature.Further-
more , with these data the homogeneity of the windward terrain was analyzed. 
From these results it appeared that the windward terrain had an overall 
roughness length of z = 35 mm. 
The disturbed mean wind field was analyzed in: first, thermally neutral con-
dition and perpendicular flow direction; second, non-neutral conditions and 
perpendicular flow direction; third, neutral condition and oblique flow di-
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recti ons. From the data obtained in oblique flow directions it appeared that 
the width of the barrier has an important influence on the sheltering effect 
near the surface. 
The disturbed r.m.s. values of the speed fluctuations are analyzed in order 
to gain more insight into the turbulence of the distorted flow field. From 
these results it appeared that the turbulence near the surface is strongly 
dependent on thermal stratification. 
In Chapter 4, special attention is given to the aerodynamic characterization 
of the barrier. A physically attractive way to characterize an obstacle is 
to express the effect of an obstacle in terms of its resistance to the fluid 
flow, or, in dimensionless form, in terms of a drag coefficient. This coef-
ficient was estimated in two different ways. First, by direct force measure-
ments. More or less in the center of the barrier a section was removed and 
replaced by a measuring plate. The drag on this plate, exerted by the fluid 
flow was measured with force sensors. Second, by application of momentum 
conservation to a control volume around the barrier. To use this indirect 
method, just around the barrier the velocity profiles and the static pressure 
profiles were measured. Moreover, in Chapter 4 we give an analysis of the 
influence of thermal stratification and flow direction upon the drag coefficient. 
In Chapter 5, the data in near-neutral conditions and perpendicular flow 
direction are compared with existing models. One of the earliest attempts 
to describe the disturbed shear flow behind a barrier, is the diffusive 
model of Kaiser (1959). Because of the weak physical foundation of.Kaiser's 
model and the bad agreement with experimental evidence, we decided not to 
analyze this model any further in our study. 
A physically more realistic model describing the disturbed flow behind 
a barrier is the self-preserving model of Townsend (1965). The results of 
this model for the near wake region, i.e. the region between the barrier and 
the leeward reattachment point, do not coincide at all with our data. Beyond 
the reattachement point, Townsend's model overestimates the data considera-
bly but with increasing distance from the barrier the differences become 
gradually smaller. 
The most sophisticated model up to now which describes the disturbed flow 
behind a barrier in the far wake region, is that by Counihan, Hunt and 
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Jackson (1974). The far wake region is the region beyond the reattachment 
point. This model (referred to as the C.H.J, model) consists of three layers: 
first, the surface layer in which the flow is in local equilibrium; second, 
the mixing layer in which the flow is self-preserving; third, the external 
layer. 
We checked the C.H.J, model against our data and found an excellent agree-
ment. 
In Chapter 6, the final conclusions are presented and suggestions are made 
for future research. 
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Samenvattin g 
Grenslaag stromingen die sterk verstoord worden, komen zowel vaak in de na-
tuur voor als in technische toepassingen. Tot nu to is slechts weinig omtrent 
deze klasse van stromingen bekend. Gedeeltelijk komt dit omdat deze stromingen 
erg ingewikkeld zijn maar ook omdat over deze stromingen nog weinig experimen-
tele gegevens bestaan. 
Het doel van deze studie is: ten eerste, om een experiment op ware schaal uit 
te voeren rondom een twee dimensionale schutting op het aardoppervlak; ten 
tweede, om de verkregen meetresultaten te vergelijken met bestaande modellen 
die deze sterk verstoorde grenslaagstromingen beschrijven. 
In hoofdstuk 1, wordt het doel van deze studie nader uiteengezet. Een over-
zicht wordt gegeven van de belangrijkste buitenexperimenten die in het verle-
den zijn uitgevoerd. Ook wordt in hoofdstuk 1 een kwalitatieve beschrijving 
van deze stromingen gegeven. 
In hoofdstuk 2, worden meer bijzonderheden gegeven omtrent het meetprogramma 
en de terreingesteldheid. 
Om er zeker van te zijn dat de verstoringen ten gevolge van de opgestelde 
schutting worden gemeten en niet die van andere terreinverstoringen, moeten 
er bijzondere eisen aan het terrein, waarboven deze metingen worden uitge-
voerd, worden gesteld. Het oppervlak van dit terrein moet homogeen zijn en 
moet tot op een afstand van circa 100 maal het hoogste meetniveau stroomop-
waarts, vrij zijn van andere obstakels. Zo'n terrein werd aangetroffen langs 
de startbaan van een vliegveld in het zuid oosten van Nederland. 
In hoofdstuk 3 worden de meetresultaten besproken. De metingen van de onge-
stoorde referentielokatie werden geanaliseerd en vergeleken met die uit de 
literatuur. Bovendien, werd met deze gegevens de homogeniteit van het boven-
windse terrein geanaliseerd. Uit deze resultaten bleek dat het voorterrein 
een gemiddelde ruwheidslengte had van z = 35 mm. 
Het verstoorde windveld werd geanaliseerd onder: ten eerste, thermisch neu-
trale toestand en loodrechte aanstroomrichting; ten tweede, niet neutrale 
toestand en loodrechte aanstroomrichting; ten derde, neutrale toestand en 
bij schuine aanstroomrichting. Uit de meetresultaten die onder schuine aan-
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stroomrichting werden verkregen bleek dat de breedte van de schutting een 
belangrijke invloed heeft op het beschuttingseffect nabij het aardoppervlak. 
De verstoorde deviaties van de snelheidsfluctuaties werden geanaliseerd om 
meer inzicht te verkrijgen in de turbulentie van het verstoorde stromings-
veld. Uit deze resultaten bleek dat de turbulentie nabij het aardoppervlak 
sterk afhankelijk is van de thermische gelaagdheid. 
In hoofdstuk 4 wordt speciale aandacht besteed aan de aerodynamische karak-
terisering van de schutting. Een fysische aantrekkelijke manier om een ob-
stakel te karakteriseren is deze uit te drukken in de mate van weerstand die 
de stroming hiervan ondervindt, of, in dimensieloze vorm, in zijn weerstands-
coefficient. Deze coefficient werd op twee verschillende manieren bepaald. 
Ten eerste, door directe krachtmetingen. Min of meer in het midden van de 
schutting werd een sectie verwijderd en vervangen door een meetplaat. Aan 
deze plaat werd de kracht, die het windveld hierop uitoefende, gemeten met 
behulp van krachtopnemers. Ten tweede, door toepassing van impulsbehoud op 
een controle volume rondom het obstakel. Om deze indirecte methode te kunnen 
gebruiken, moeten vlak rondom de schutting de snelheidprofielen en statische 
drukprofielen worden bepaald. Bovendien wordt in hoofdstuk 4 het effect van 
de thermische stabiliteit en de aanstroomrichting op de weerstandscoefficient 
geanalyseerd. 
In hoofdstuk 5 worden de meetgegevens onder neutrale omstandigheid en lood-
rechte aanstroming vergeleken met bestaande modellen. Een van de eerste mo-
dellen die een verstoorde grenslaag achter een schutting beschrijft is het 
diffusiemodel van Kaiser (1959). Omdat de grondslag van dit model fysisch 
zwak is en de overeenkomst met experimentele gegevens slecht, besloten we 
het model van Kaiser niet verder te analyseren. 
Een fysisch realistischer model dat de stroming achter een schutting be-
schrijft is het conformistische model van Townsend (1965). De resultaten van 
dit model voor het nabije zoggebied, dit is het gebied tussen obstakel en 
wederaanrakingspunt aan lijzijde, vielen in het geheel niet samen met onze 
metingen. Voorbij het wederaanrakingspunt overschat het model van Townsend 
de metingen aanzienlijk, maar met toenemende afstand vanaf het obstakel wor-
den de verschillen geleidelijk aan kleiner. 
Het tot nu toe meest geavanceerde model dat de verstoorde stroming achter 
een schutting beschrijft voor het verre zoggebied is dat van Counihan, Hunt 
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en Jackson (1974). Het verre zoggebied is het gebied voorbij het wederaanra-
kingspunt. Dit model (aangeduid met het C.H.J.-model) bestaat uit drie lagen: 
ten eerste, de oppervlakte laag waarin de stroming lokaal in evenwicht is; 
ten tweede, de menglaag waarin de stroming conformistisch is; ten derde, de 
externe laag. 
Wij hebben het C.H.J.-model getest tegen de meetresultaten en hebben een uit-
stekende overeenkomst gevonden. 
In hoofdstuk 6 worden de uiteindelijke conclusies gegeven en worden aanbeve-
lingen voor toekomstig onderzoek gedaan. 
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